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Limited breeding success in captive breeding programs has necessitated the development
of assisted reproductive technologies (ART) to preserve and increase genetic variation and
population numbers of both captive and wild amphibian groups. ART has been shown to be
successful in numerous anuran species, and current studies focus on the application of ART in
ex-situ populations. The focus of this project is to show that linking in-situ and ex-situ amphibian
populations through sperm cryopreservation, genome banking, and in-vitro fertilization is
possible, with the goal of increasing gene diversity throughout groups in order to produce selfsustaining, wild populations in the future. Specific objectives include developing a spermcryopreservation methodology using sperm from the model species Anaxyrus fowleri, applying
this protocol to the cryopreservation of spermatozoa from two other threatened anurans to
determine protocol transmissibility, and linking in-situ and ex-situ populations of an endangered
species using cryopreserved sperm form wild males to produce viable offspring.
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEW
Amphibian Extinction Crisis
Amphibians have been undergoing drastic population declines since the 1950s, but
concerns for this issue were not voiced until the First World Congress of Herpetology in 1989.
By this time, numerous species had already gone extinct, and even more were threatened or
endangered (Bishop et al., 2012). Currently, as many as 184 amphibian species around the world
have disappeared (~3%) and another 2,444 are threatened with extinction (41%; IUCN, 2021).
This amphibian extinction rate is higher than that of birds or mammals and may be over 200
times faster than the expected background rate (McCallum 2007; Harding et al., 2016). There are
numerous contributions to the mounting decline in populations, including loss of habitat, shifts in
environmental conditions due to climate change, predation and competition by invasive species,
over-exploitation, application of pesticides, and disease spread (Blaustein et al., 1994; Alford et
al., 1999; Voyles et al., 2009). Due to the severity of these threats to amphibian populations, the
rate of amphibian mortality is greater than recruitment of the next generation, meaning that
amphibians cannot replenish their natural populations fast enough to counteract these threats,
creating what is now referred to as an amphibian extinction crisis (Wake et al., 2008; Zippel et
al., 2008). This growing crisis has led to an increased need for ex-situ captive breeding programs
to house amphibian species in order to increase populations numbers and manage genetic
variation (Zippel et al., 2011; Harding et al., 2016, Howell et al., 2020).
1

Ex-situ conservation in amphibians
Ex-situ breeding programs remove individuals from the wild and relocate them to
controlled captive settings to increase population numbers and genetic variation of different
species, pursue reintroduction efforts, conduct research, and educate the public (Zippel et al.,
2011; Harding et al., 2016; Silla & Byrne, 2019; Howell et al., 2020). Prior to 2014, 213
amphibian species were involved in captive breeding and reintroduction programs (Harding et
al., 2016), and by 2017, this number had increased to 532 species held in ex-situ programs (Biega
et al., 2017). Furthermore, research has shown that individuals reintroduced to the wild may
reproduce and create self-sustaining populations. For example, one study found that 18 of 21
species reintroduced to the wild after being housed in a breeding program successfully bred, and
13 of these 21 established populations that have become self-sustaining (Griffiths & Pavajeau,
2008).
While captive breeding programs have been shown to be beneficial for some amphibian
species, there are limitations to these programs. For example, many captive amphibians exhibit
reproductive dysfunction - which can be caused by stress, poor nutrition, lack of environmental
stimuli –, genetic adaptions to captive settings, and potential genetic loss due to inbreeding
(Frankham, 2008; Kouba et al., 2009; Robert, 2009; Frankham et al., 2010; Tapley et al., 2015;
Howell et al., 2020). Furthermore, zoos have a capacity that limits the number of species and
individuals they can house (Swanson et al., 2007; Tapley et al., 2015). In order to circumvent
these problems, various management strategies are being developed to increase reproductive
output and genetic diversity for captive amphibians, including preservation of genetic material
and implementation of assisted reproductive technologies (ARTs) (Kouba & Vance, 2009;
Clulow et al., 2014).
2

Amphibian assisted reproductive technologies are fertility treatments that involve
assisting amphibians in their reproductive efforts and include techniques such as exogenous
hormone therapy, sperm cryopreservation, short- or long-term cold storage, ultrasonography, and
in-vitro fertilization (IVF) (Kouba & Vance 2009). ARTs have been shown to be effective in
many amphibian species and have led to an increase in population numbers and genetic lineages,
and in some cases reintroductions, of species such as the Puerto Rican crested toad (Peltophryne
lemur), Houston toad (Anaxyrus houstonensis), dusky gopher frog (Lithobates sevosa), green and
golden bell frog (Litoria aurea), boreal toad (Anaxyrus boreas boreas), and the Panamanian
golden frog (Atelopus zeteki) (Kouba et al., 2013, D. Barber, personal communication, 2021).
However, most ART techniques are applied to individuals in captive programs, collecting and
freezing sperm from males ex-situ and applying the frozen sperm to females at the same or other
ex-situ locations (Langhorne et al., 2013; Poo & Hinkson, 2019). Even though cryopreservation
and genetic resource banking can be used to freeze, store, and subsequently transport sperm to
various captive locations for use in IVF, there are still limits to the number of individuals that
can be paired throughout the colonies before kinship levels and inbreeding increase. To
overcome this limitation, ART can be applied in-situ, freezing sperm collected from wild
individuals and transporting the sperm back to an ex-situ institution for short- or long-term
storage in a genetic resource bank (GRB).
Genetic resource banking, first proposed as a conservation strategy by Soule et al. (1991),
consists of developing a storehouse of genetic material, including, but not limited to, eggs,
sperm, and embryos (Kouba et al., 2013). Inclusion of genetic resource banking in amphibian
conservation efforts would be invaluable for multiple reasons, particularly for: 1) addressing
reproductive failure; 2) increasing gene flow by transporting frozen gametes nationwide; 3)
3

increasing genetic diversity by storing underrepresented genetic lines; 4) strengthening security
against pathogens, such as chytrid fungus, by preserving uninfected founder lines; and 5)
providing a foundational resource for future needs, such as studying diseases and restoring lost
genetic lines (Ballou, 1992; Kouba & Vance, 2009). Currently, GRBs store cryopreserved sperm
that have been collected from animals held in captive programs. However, sperm can also be
collected and cryopreserved from individuals in-situ, transported to the GRB, and stored for an
indefinite period of time to use in future breeding events to minimize inbreeding and increase
genetic variation (Burger et al., 2021). Importing sperm via GRBs negates the need to transfer
adult animals from the wild to captivity (as seen in the PRCT SSP, 2018). Thus, reproductively
viable individuals can remain in the wild, population numbers and genetic variation may
increase, and captive breeding programs will not need to house extra individuals.
Genetic management in captive breeding programs consists of detailed studbooks and
pedigrees to establish breeding pairs, with the goal of producing more genetic variation while
minimizing inbreeding in the population. Most management thus far has focused on breeding
individuals in the same ex-situ program while also translocating individuals from the wild to
captive colonies to further increase genetic variation. However, because so many amphibian
populations are at unsustainable levels in the wild, removing reproductively viable individuals
from in-situ populations may not be a sustainable long-term solution. Therefore, applying ART,
specifically cryopreservation and in-vitro fertilization, to link different ex-situ populations as
well as in-situ and ex-situ groups could further increase gene flow, potentially leading to a higher
gene diversity in each separate population. The goal behind linking these populations is that a
higher level of variation present will allow amphibians to better adapt to some of the threats in
the wild, such as climate change and chytridiomycosis. The more variation present in a
4

population, the more natural selection can act upon, selecting positive traits that may increase the
survival rates of these wild individuals. However, outbreeding depression as an effect of
breeding individuals from different populations is as likely an outcome as inbreeding depression
if populations are not linked. Therefore, numerous management protocols are in place that
manage for, and track growth and development of, offspring produced through these crosses for
any potential side effects that may be caused by these planned breeding events.
Assisted Reproductive Technologies in Anurans
The class Amphibia is made up of three orders: Anura (frogs and toads), Caudata
(salamanders and newts), and Gymnophiona (caecilians). Anura is the largest order in this class,
with 6,340 known species. Currently, 2,063 (33%) of these species are vulnerable, endangered,
critically endangered, or extinct, and another 1,044 (16.5%) are data deficient, meaning there is
not enough data to determine their conservation status (IUCN, 2021). As of 2008, 83 anuran
species have been in captive breeding and reintroduction programs (Griffiths and Pvajeau 2008).
In natural settings, reproductive events in amphibians are stimulated by environmental
cues, such as rainfall, shifts in photoperiod, and/or temperature (Duellman & Trueb, 1994; Todd
& Winne, 2006). These external cues then stimulate the hypothalamo-pituitary-gonadal (HPG)
axis, promoting the production and release of gonadotropin releasing hormone (GnRH) from the
hypothalamus. GnRH travels to the anterior pituitary and signals the secretion of luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), which act on the gonads to induce
gamete maturation (Norris & Lopez, 2011, Kouba et al., 2012b; Bronson & Vance, 2019).
However, as mentioned earlier, the necessary environmental cues needed to simulate the HPG
axis are often lacking in captive settings. To circumvent this challenge analogs of these
hormones can be administered to stimulate gamete maturation in the absence of cues or outside
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of the breeding season (Clulow et al., 1999, Obringer et al., 2000; Kouba & Vance, 2009;
Shishova et al., 2011; Clulow et al., 2012; Kouba et al., 2012a,b; Silla & Roberts, 2012;
McDonough et al., 2016; Julien et al., 2019; Guy et al. 2020).
Exogenous hormone application
Exogenous hormone therapy is used to stimulate the production of oocytes and
spermatozoa that can then be collected and used for breeding events (Browne et al., 2002;
Shishova et al., 2011; Kouba et al., 2012b; Langhorne, 2016). Hormone therapy in amphibians
can be broken down into two overarching categories: hormones that directly target the brain and
hormones that directly target the gonads. Hormones that act on the brain stimulate the gonads
indirectly by causing a natural cascade of LH and FSH, that then induce gamete production and
maturation (Kouba et al., 2012b). There are currently numerous exogenous hormones that have
been applied to anuran species to stimulate spermiation and/or oogenesis, including human
chorionic gonadotropin (hCG), gonadotropin releasing hormone analog (GnRHa), progresterone,
leuprolide acetate, dopamine antagonists, and combinations thereof (e.g., Ovaprim®) (Obringer
et al., 2000; Rowson et al., 2001; Browne et al., 2006a,b; Mann et al., 2010; Shishova et al.,
2011; Kouba et al., 2012a,b; Silla & Roberts, 2012; McDonough et al., 2016; Langhorne, 2016;
Graham et al., 2018; Brannelly et al., 2019; Julien et al., 2019; Silla et al., 2019; Bronson et al.,
2021). The two main hormones applied in the studies explored below are GnRHa, which targets
the brain, and hCG, which targets the gonads. While both hormones have been successful in
gonadal stimulation and subsequent production and release of gametes, studies have shown that
the identity and dose of the hormone used can be species-specific (Kouba et al., 2009; Kouba et
al., 2012a; Silla & Roberts, 2012; Della Togna et al., 2017; Silla et al., 2019). For example,
Kouba et al. (2009) found that while 300 IU of hCG produced high concentrations and motility
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of sperm for three bufonid species (Anaxyrus baxteri, Anaxyrus fowleri, and Anaxyrus boreas
boreas), the same treatment had very little effect on spermatogenesis in a ranid (Rana pipiens).
However, when hCG was coupled with GnRHa, spermiation in the ranid species was observed. It
has also been found that these two hormones may prompt different behavioral responses, with
one study finding that GnRHa increased the number of males that exhibited amplexus compared
to the number that responded when given hCG (Kouba et al., 2009). While hormones have been
shown to have species-specific effects on behavioral response and gonadal stimulation, protocol
transmission to different species within similar families has been shown to be effective,
indicating a possibility of shared methods that will limit the overall number of methodologies
needed to successfully produce gametes across genera (Burger, unpublished; Kouba et al., 2011;
Poo & Hinkson, 2019).
Gamete collection and storage
Prior to exogenous hormone therapy, a common method of collecting sperm from male
anurans was through testes extraction and maceration, which may require the euthanasia of the
male in order for the testes to be removed (Browne et al., 1998; Shishova et al., 2011; Upton et
al., 2018). While this method is beneficial when collecting testes from a recently deceased or
sick individual, the applicability of it for critically endangered species is counterintuitive, and
therefore not a reasonable technique for sperm collection (Clulow et al., 1999). With the
application of exogenous hormone therapy, gametes can be collected in a minimally invasive,
nonlethal way from both males and females.
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Male gametes
When stimulated by hormones, testes begin to produce spermatozoa. Once mature, these
spermatozoans travels from the testes, through the kidneys, mix with urine in the urinogenital
tract, and is released from the cloaca as spermic urine. Depending on the species of interest, the
method and timing of sperm collections varies (Bronson & Vance, 2019). For example, true
toads (bufonids) exhibit a natural defense mechanism of urination upon handling, making
spermic urine collection simple (Kouba et al., 2012b; Bronson & Vance, 2019). On the other
hand, most ranids do not have this response and require a cloacal lavage (Waggener & Carroll
Jr., 1998). The optimum collection time of spermic urine post-hormone administration also
differs between species. Bufonid sperm production begins 1-2 hours post-hormone
administration, peaks from 3-6 hours, and decreases dramatically after 12 hours (Browne et al.,
2006a; Kouba et al., 2009; Kouba et al., 2012b; Bronson & Vance, 2019). Ranid sperm
production begins approximately 30 minutes post-hormone administration, peaks from 1-3 hours,
and decreases dramatically after 3.5 hours (Kouba et al., 2009; Kouba et al., 2011, Della Togna
et al., 2017; Bronson & Vance, 2019). After the spermic urine is collected, it is placed in a sterile
tube and kept in cold storage until ready to use for IVF or cryopreservation. Spermic urine can be
kept in cold storage for a maximum of two weeks, but it is likely to undergo a significant drop in
motility (Kouba et al., 2012b); therefore, it is advised to limit the amount of time sperm is stored
prior to being applied to eggs for IVFs or cryopreserved.
Female gametes
Prior to hormone administration and egg expression, ultrasonography is applied to
females of all species to determine the natural follicular state. Females are given a grade on a
scale of 0-3 that represents the current oocyte maturation. Grade zeroes are given to females with
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no development, signified by the high concentration of hyperechoic areas seen in the ultrasound
image. Grade threes are given to females with complete follicular development, as seen in the
high levels of hypoechoic areas (egg jelly) surrounding hyperechoic points (oocytes) (Bronson &
Vance, 2019; Chapter 2, Figure 1; Chapter 4, Figure 15). In current IVF protocols, females with
grade zeroes are not used for IVFs due to the lack of any matured follicles. Females with grade
ones and twos are administered priming doses to stimulate the ovaries to produce more follicles
until a grade three is achieved and an ovulatory dose can be given (Marcec, 2016; Bronson &
Vance, 2019). Priming doses normally consist of low levels of hormone to encourage follicular
advancement, and the ovulatory dose consists of a higher level of hormone to induce oviposition.
On average, females need approximately 48-72 hours before they respond to the priming doses
(Bronson & Vance, 2019).
The identity and dose of hormones used on females varies across species. For A. fowleri,
two primes of hCG 72 hours apart, followed by an ovulatory dose of hCG and GnRHa 24-48
hours later has been shown to induce spawning in females (Kouba et al., 2012b). For the
Günther’s toadlet, only a single priming dose of GnRHa followed by an ovulatory dose of
GnRHa has elicited oviposition (Silla, 2011). In four different species of frogs, GnRHa and
metoclopramide were needed to induce oviposition (L. pipiens, Ceratophrys ornata, Ceratophrys
cranwelli, & Odontophrynus americanus; Trudeau et al., 2010), whereas only GnRHa was
needed in another species (A. zeteki; Bronson et al., 2021).
Once the priming and ovulatory doses are administered, the response time to oviposition
also differs across species. For Bufonids, females will lay approximately 10-12 hours later
(Kouba et al., 2012b). Ranids, on the other hand, take approximately 2-3 days to respond to the
ovulatory dose (Graham et al., 2018). While some females will naturally lay eggs, others require
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gentle palpation of the abdomen for the eggs to leave the cloaca, mimicking the behavior of a
male in amplexus (Kouba et al., 2012b; Bronson & Vance, 2019). In order to manually express
eggs, the female must be extensively handled and manipulated in a manner that, if not done
properly, may cause harm to the individual. When expressing eggs in this manner, a female is
held in one hand with the legs pulled against the body, and an inoculation loop is gently inserted
into the cloaca. The inoculation loop is used to increase the diameter of the cloacal opening for
ease of egg expression. Slight pressure is applied to the abdomen in short increments and this
pressure, combined with the movement of the inoculation loop, has been shown to elicit egg
expression. Once the eggs are released, pressure can be lessened, and the expressed eggs can be
used for IVFs. Allowing the female to rest in between collections is paramount in ensuring the
health and welfare of the animal (Kouba et al., 2012b).
In-vitro fertilization
As eggs are collected from females, they are placed into separate petri dishes and covered
with sperm for fertilization (Bronson & Vance, 2019). Sperm can be freshly collected from
males, removed from cold storage if collected prior to the IVF, or frozen-thawed if previously
cryopreserved (see Cryopreservation). A five-minute dry fertilization period follows sperm
application, giving the sperm time to penetrate the egg jelly prior to flooding the dishes. Eggs are
then covered with water, set aside, and monitored for embryo development (Bronson & Vance,
2019).
IVFs have been successfully carried out in multiple anuran species, but studies that
conduct IVFs on critically endangered species using hormonally-induced sperm are limited
(Kouba et al., 2009). Nevertheless, many studies that have used IVFs on threatened anurans have
been incredibly successful, increasing species abundance and possibly genetic diversity of the
10

population. For example, the critically endangered Peltrophryne lemur (Puerto Rican crested
toad) has been bred using IVFs with both fresh and frozen-thawed sperm (Burger et al., 2021),
and offspring were held in captive colonies at the Fort Worth Zoo and released into wild sites (D.
Barber, personal communication, 2021). Other endangered species that have been bred using
IVFs include Bufo baxteri (Wyoming toad, Browne et al., 2006a), L. sevosa (dusky gopher frog,
Kouba et al., 2011), A. b. boreas (boreal toad, Kouba et al., 2012b), and Pseudophryne
corroboree (Corroboree frog, Byrne & Silla, 2010). Produced tadpoles were released from all
species except P. corroboree.
Cryopreservation
Cryopreservation is the process of freezing sperm that can then be stored for an indefinite
period of time for use in future reproductive efforts (Clulow et al., 1999; Kouba & Vance, 2009).
While this practice is more developed in livestock and aquaculture (Viveiros et al., 2012; Akter
et al., 2016), it has been studied and is being further explored in amphibian species (Beesley et
al., 1998; Browne et al., 1998; Browne et al., 2002; Shishova et al., 2011). Currently, numerous
anuran species have sperm that has been cryopreserved, including Rana sylvatica, L. pipiens,
Bufo americanus (Beesley et al., 1998), Bufo marinus (Browne et al., 2002), A. b. boreas
(Langhorne et al., 2013), A. fowleri, A. baxteri, L. pipiens, L. sevosa (Poo & Hinkson, 2019),
Lithobates chiricahuensis, A. houstonensis, P. lemur, and Pseudacris ornata (personal
observation). In the National Amphibian Genome Bank housed at Mississippi State University,
over 1500 straws are stored from fifteen different anuran and caudate species, and many of these
straws have been used to produce offspring in IVFs (personal observation; Burger et al., 2021).
While cryopreservation has been shown to be beneficial, the process can also cause a
drastic decline in sperm motility as the collected sperm goes through multiple shifts in
11

osmolality. While in the testes, toad spermatozoa are completely immotile and are held at the
osmolality of the seminal plasma (~250-300 mOsmol/kg) (Inoda & Morisawa, 1987; Browne et
al., 2006a). Once hormones are administered and the urine and spermatozoa are mixed, the
decreased osmolality of the urine (~ 40 mOsmol/kg) activates the sperm (Chen, unpublished
data). In preparation for cryopreservation, spermic urine is combined with a cryoprotectant(s)
that protects the sperm cells throughout the freezing process (see Cryoprotectants). The
osmolalities of cryoprotectants are significantly higher than that of spermic urine (>1500
mOsmol/kg), deactivating the sperm once again where it remains immotile until thawing (Shaw
& Jones, 2003; Browne et al., 2006b). When the sperm is thawed, it is combined in a 1:10
dilution with sterile water, lowering the osmolality (7.9 mOsmol) and reactivating the sperm
(Chen, unpublished data). Each shift in sperm activation causes a decline in total sperm motility,
making the post-thaw motility markedly lower than pre-freeze motility.
In testes macerates, these repeated shifts in activation and deactivation do not occur.
Since the entire testis is collected from a deceased male, the sperm remains at the osmolality of
the seminal plasma and is not activated until thawing for use in IVFs. Regardless, studies have
shown that fertilization success of sperm collected through exogenous hormone therapy and
cryopreserved is higher than rates of fertilization using frozen-thawed sperm collected from
testes macerates (Shishova et al., 2011).
Cryoprotectants
As described above, the cryopreservation process causes a decline in sperm motility from
freshly collected sperm to frozen-thawed samples. In order to reduce any additional loss of
motility, various cryoprotectants (CPAs) are added to the sperm prior to freezing. These CPAs
fall into two different categories: permeating and non-permeating. Permeating CPAs penetrate
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the cell membrane, which increases membrane fluidity, partially dehydrates the cell, and reduces
the electrolyte concentration of the solution in and around the cell. These elements ultimately
reduce the freezing point of the sperm cell, minimizing the number of ice crystals that may form
within the spermatozoa (Mazur, 1970; Shaw & Jones, 2003; Rosato & Iaffaldano, 2013). While
permeating CPAs protect the cell during the cryopreservation process, they can also be toxic to
the cell and cause a substantial amount of damage. This additional damage may be avoided by
minimizing the time of exposure between the sperm and CPA prior to freezing as well as adding
a non-permeating CPA to the cryosuspension (Shaw & Jones, 2003; Rosato & Iaffaldano, 2013;
Langhorne, 2016). Non-permeating CPAs remain outside the cell membrane and aid in
dehydration during the cryopreservation process while also improving membrane stability and
mitigating any toxicity from the permeating CPAs (Shaw & Jones, 2003; Rosato & Iaffaldano,
2013). Numerous permeating and non-permeating cryoprotectants, both alone and combined
with other CPAs, have been applied in attempts to achieve a high post-thaw sperm motility, with
the most recent literature focusing on the permeating CPAs dimethyl sulfoxide (DMSO), N,Ndimethyl formamide (DMFA), and glycerol and the non-permeating CPAs sucrose, trehalose,
and bovine serum albumin (BSA) (Browne et al., 1998; Kouba & Vance 2009; Kouba et al.,
2013; Poo & Hinkson 2019).
Along with the different types of CPAs, varying concentrations of each can have different
effects on sperm motility. Poo and Hinkson (2019) found that a lower concentration of DMFA
(5%) was more effective in preserving sperm motility than a higher concentration (10%) for A.
fowleri, L. pipiens, A. baxteri, and L. sevosa; yet Langhorne (2016) determined that 10% DMFA
led to higher post-thaw motility in A. fowleri, A. b. boreas, and P. lemur than 5% DMFA. This
study also found that 10% DMSO produced higher post-thaw motility than 5% DMFA and 5%
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DMSO in both A. fowleri and A. b. boreas (Langhorne, 2016). Shishova et al. (2011) found that
12% DMFA produced a significantly higher level of post-thaw sperm motility and membrane
integrity than 12% DMSO in Rana temporaria. These inconsistencies across studies highlight
the necessity for an optimum cryopreservation protocol that maximizes post-thaw motility while
minimizing damage to the sperm, increasing the potential for success in future IVFs.
Freeze rates
While the effects of CPAs on post-thaw sperm motility have been explored throughout
various publications (Beesley et al., 1998; Browne et al., 2002; Poo & Hinkson 2019), the effect
of freezing rate on amphibian post-thaw sperm motility is a novel concept. Various freezing rates
have been seen to affect post thaw sperm motility in many cases of fish (Mansour et al., 2006;
Butts et al., 2010; Ahn et al., 2018) and mammals (Eriksson & Rodriguez-Martinez 2000; Nur et
al., 2011), but only one case of amphibian species (Mansour et al., 2010). However, Mansour et
al. (2010) cryopreserved sperm from testes macerates, so there is no current study that analyzes
the effect of freezing rate on sperm collected via exogenous hormone therapy. Currently, anuran
cryopreservation studies freeze sperm at low rates, normally around -5 to -10°C/min (Clulow &
Clulow 2016). Browne et al. (1998) determined through preliminary experiments that higher
cooling and freezing rates are detrimental to the recovery of post-thaw sperm motility, and
Mansour et al., (2010) determined that a faster freezing rate led to immotile and non-viable
sperm, whereas sperm frozen at the normal rate yielded 30-35% post-thaw motility. For the
purpose of these studies and in the absence of an automated freezing, the height a straw is
suspended above liquid nitrogen (LN2) vapor can be used to alter the rate at which the sperm
freezes.
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Study species
Developing a protocol that utilizes the best CPA and freezing rate is paramount to
applying ART to threatened and endangered species to support species recovery and establish
self-sustaining populations. However, because there of the limited sample sizes of threatened
amphibian species, developing robust, detailed protocols for these species may not be possible.
Therefore, a model species of similar phylogeny can be used to test novel ideas and narrow down
the best treatments to then be applied to species of conservation concern. For this study, Fowler’s
toads (Anaxyrus fowleri) were used as a model species to aid in developing sperm
cryopreservation protocols for two threatened species: the Puerto Rican crested toad
(Peltophryne lemur) and the Houston toad (Anaxyrus houstonenesis).
Model species: Fowler’s toad
The Fowler’s toad is a small (2-3.5 inches), mostly brown, gray or olive anuran that is
part of the Bufonid family (Badger, 1995; IUCN, 2021). It is found throughout the eastern
United States and parts of southeastern Canada but avoids the warmer areas of the southeastern
United States (Badger, 1995). Populations can be found in flood plains, near streams and ponds,
in agricultural fields, wooded areas, and other similar habitats (Badger, 1995). Because Fowler’s
toads are nocturnal, individuals will hide in the soil or under rocks and substrate during the day
and emerge at nightfall (Green & Pauley, 1987). Fowler’s toads have a conservation status of
least concern, with all populations maintaining a stable trend (IUCN, 2021).
Fowler’s toads breed in late spring and early summer, varying by range (Minton, 1972).
Males migrate to the shallow waters of ponds, either permanent or temporary, and call for a
female (Green & Pauley, 1987; Laurin & Green, 1990; Badger, 1995). Once a female responds
and reaches the pond, the male will mount the female and begin amplexus. This action places
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pressure on the female’s abdomen, encouraging the release of eggs for fertilization (Duellman &
Trueb, 1986). A female lays eggs in gelatinous strings and can produce clutches up to 8,000 eggs
(Badger, 1995), with an average clutch size of 3,700 eggs (Virginia Herpetological society,
2021). Embryos will hatch approximately two to five days later (Minton, 1972; Burger, personal
observation).
Once hatched, Fowler’s toads take approximately one to four months to complete
metamorphosis (Burger, personal observation). Toadlets will migrate from these wetlands to
upland feeding sites, where they remain into adulthood (Virginia Herpetological society, 2021).
Both males and females will reach sexual maturity at 2 years, with females growing larger than
males (Breden, 1987). These individuals will live up to 5 years in the wild (Kellner & Green,
1995) and approximately 2 years in captivity (Burger, personal observation).
Target species: Puerto Rican crested toad
The Puerto Rican crested toad is a medium-sized (2.4-4.5 inches), yellowish-olive to
blackish-brown toad and is part of the Bufonid family (U.S. Fish and Wildlife Service, 1992).
While once abundant through the northern and southern coasts of Puerto Rico and the Virgin
Islands, there is now only one viable metapopulation on the southern coast of Puerto Rico
(Barber, 2008; D. Barber, personal communication, 2020). Toads are found in arid or semi-arid
rocky areas of lower elevation (< 200 meters) that have an abundance of rocky cavities, or karsts,
for the toads to hide (U.S. Fish and Wildlife Service, 1992).
Puerto Rican crested toad breeding events are highly dependent on rainfall and are
therefore seemingly sporadic. While there isn’t specific evidence to determine how often they
breed, it is thought that individuals breed once to twice annually (U.S. Fish and Wildlife Service,
1992; Javorka, 2018). Like Fowler’s toads, males migrate to ponds first and call for females.
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Once the females appear, the pair will undergo amplexus, lasting for approximately an hour.
Following amplexus, females will swim towards vegetation and lay up to 15,000 eggs in long,
gelatinous strands (U.S. Fish and Wildlife Service, 1992; Javorka, 2018). Eggs will hatch in
approximately 3 days (Burger, personal observation), and tadpoles will metamorphose about a
month later (U.S. Fish and Wildlife Service, 1992). The age of sexual maturity is unknown in the
wild but is approximately 1 year in captivity (Javorka, 2018). There is also limited information
on the life span of Puerto Rican crested toads in the wild, but individuals in captivity can live up
to and over 10 years (Javorka, 2018; D. Barber, personal communication, 2021).
The main factors affecting Puerto Rican crested toad populations in the wild are habitat
loss, extreme weather events, invasive species, and disease (Barber, 2008; Beauclerc et al.,
2010). Numerous recovery efforts have occurred since Puerto Rican crested toads were first
listed in 1987, including habitat restoration, captive breeding programs, reintroduction, and
public education (Beauclerc et al., 2010). However, according to the IUCN Red List (2021), this
species is listed as endangered, with wild populations still declining. To increase breeding
success in captive colonies, exogenous hormone therapy has been used to encourage paired
breeding as well as IVFs to increase population numbers for subsequent reintroductions.
In order to keep genetic diversity in the populations at a sustainable level, the current
Puerto Rican crested toad Species Survival Plan suggests that 10-20 individuals be removed
from the wild population and integrated into captive groups every 4-8 years (PRCT SSP, 2018).
However, due to dwindling wild numbers, this method may not be a long-term sustainable way
of preserving genetic variation. Here, we propose that cryopreservation protocols can be
developed that center on collecting sperm from wild individuals and transporting only the sperm
to the captive colonies. This method will allow for increased genetic diversity and population
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numbers for reintroduction while leaving reproductively viable individuals in the natural
breeding population.
Target species: Houston toad
The Houston toad is a medium-sized (2-3 inches), brown-reddish toad and is part of the
Bufonid family (Sanders, 1953; U.S. Fish and Wildlife Service, 1984). While once abundant
throughout the central-coastal region of Texas, there are currently only nine counties where these
toads can be found, and many populations in certain counties have not been seen since their
initial discovery in the 1990s (Duarte et al., 2011; Brown & Swannack, 2013; IUCN, 2021).
Jacobson (1989) stated that there are natural populations in only two of the twelve original
counties, Bastrop and Burleson, Texas. Toads are found in areas with sandy soil, such as pine or
oak woodlands and coastal prairies (Kennedy, 1962; Hatfield et al., 2004; IUCN, 2021).
Houston toads breed from early spring to mid-summer, with some studies identifying the
breeding season from January to May (Jacobson, 1989; Duarte et al., 2011) and others as
February to June (Kennedy, 1962). The breeding period is normally stimulated by rainfall,
increases in temperature, and the moon phase (Kennedy, 1962; Hillis et al., 1984; Jacobson,
1989; Swannack, 2007; Duarte et al., 2011). These individuals are considered explosive
breeders, which occurs when females arrive at a breeding site during specific times of a longer
breeding period and males aggregate at irregular intervals throughout the season (Jacobson,
1989; Duarte et al., 2011). Similar to Fowler’s toads and Puerto Rican crested toads, breeding
occurs in permanent or ephemeral ponds, with males arriving at the pond first and calling for
females (Kennedy, 1962; Jacobson, 1989; Duarte et al., 2011). Once both the male and female
are at the pond, the pair will undergo amplexus and will remain in this state for 6- 24 hours
(Jacobson, 1989; Hillis et al., 1984). Females will oviposit between 500 and 6,000 eggs,
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normally the morning after amplexus began (Fostey, 1999). Eggs hatch in approximately one
week and tadpoles metamorphose 60-65 days after being laid (Hillis et al., 1984). Males reach
sexual maturity at 1 year and females at 1-2 (Fostey, 1999). While the life span of Houston toads
is not certain, it is believed that these toads live approximately 2-3 years in the wild (Texas Parks
& Wildlife).
The main factors affecting Houston toad populations in the wild are habitat loss from
residential and commercial development, droughts, invasive species, and disease (Duarte et al.,
2011; IUCN, 2021). There have been numerous recovery efforts since the Houston toad was first
listed in 1970, making it the first listed amphibian (Gottschalk, 1970; Duarte et al., 2011; Brown
& Swannack, 2013). These efforts include population surveys, public outreach, captive breeding,
and reintroductions (Texas Parks & Wildlife; pers. obsv.). However, according to the IUCN Red
List (2021), this species is listed as endangered, with wild populations still declining.
In current captive assurance colonies, exogenous hormone therapy has been used to
encourage paired breeding to increase population numbers for subsequent reintroductions.
Currently, the only breeding events for Houston toads occurs when a male and a female are
administered hormones and paired together to breed semi-naturally (D. Barber, personal
communication, 2021). If sperm can be cryopreserved and used to fertilize eggs in an IVF, sperm
from one male can fertilize eggs from multiple females, drastically increasing the genetic
diversity of the captive population as well as the reintroduced individuals. Here, we propose that
a cryopreservation protocol can be developed that uses an optimum cryoprotectant and freezing
rate to maximize the post-thaw success of sperm, as well as potential fertilization success of
IVFs.
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CHAPTER II
DEVELOPMENT OF AN AMPHIBIAN BIOBANKING MODEL FOR SPERM
CRYOPRESERVATION, GENETIC MAGEMENT,
AND POPULATION SUSTAINABILITY
Introduction
Sperm cryopreservation is a freezing process that uses very low temperatures (up to 196°C) to preserve spermatozoa for the short- or long-term, normally for use in future
reproductive efforts (Pegg, 2007; Medeiros et al., 2001). This technique has been applied to
human infertility cases (Moce et al., 2015), livestock production (Ugur et al., 2019), poultry (Gee
et al., 2004), equine studies (Moore et al., 2005), and aquaculture (Viveiros et al., 2012), and
while there have been offspring produced in all cases, there are a multitude of problems that arise
as a result of cryopreservation. Due to the fragile nature of the sperm, morphological and
functional damage occur during the freezing process, affecting post-thaw motility and
subsequent fertilization success (Bailey et al., 2003; Vajta & Kuwayama, 2006). This damage
includes, but is not limited to, membrane degradation, detachment of the head and/or tail, and
damage to the DNA, and can be caused by ice crystal formation, osmotic shock, and cold shock,
to name a few (Vajta & Kuwayama, 2006; Fitzsimmons et al., 2009; Kopeika et al., 2015).
Nearly half a century of studies has been conducted to moderate the deleterious effects of
cryopreservation on sperm cells. For example, cryoprotectants can be added prior to freezing to
offset ice crystal formation by increasing the solute concentration of the extracellular
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environment, increasing the rate of cell dehydration and limiting the rate at which ice crystals
can form (Mazur, 1970; Pegg, 2007; Kopeika et al., 2015). Furthermore, altering cooling rates
can mitigate ice crystal formation as well as minimize osmotic and cold shock through controlled
extracellular and intracellular fluid exchange (Vajta & Kuwayama, 2006; Kobeika et al., 2015).
Because of these studies, the application of cryopreservation has expanded beyond commercial
use and is now being applied to endangered species conservation. As a result of these efforts,
sperm has been cryopreserved from multiple imperiled species that led to offspring, including the
black-footed ferret (Mustela nigripes; Howard et al., 2015), Scimitary-horned oryx (Oryx
dammah, O’Brien & Roth, 2000), ocelots (Leopardus pardalis; Swanson et al., 1996), and
multiple pheasant species (Chrysolophus amherstiae, Lophura berliozi, and Tragopan caboti;
Jalme et al., 2003). While the use of sperm cryopreservation in endangered mammal and bird
species has expanded exponentially, there has been much less work studying this method in the
taxa most affected by the current extinction crisis – amphibians.
The extinction crisis has led to the loss (or probable loss) of ~3% (184) of all amphibian
species, with 41% (2,442) being threatened by extinction and an additional 16% (1,184) not
having enough data to be given a Red List category (IUCN, 2021). To mitigate this threat, zoos
and aquariums are establishing captive breeding programs that focus on sustainability and
increasing reproductive output for reintroductions, while maintaining genetic diversity of these
rare species (Griffiths & Pavajeau, 2008; Zippel et al., 2011; Harding et al., 2016; Howell et al.,
2020). There are various environmental stimuli that amphibians require to initiate reproductive
events, and the lack of these cues have led to poor success in natural breeding efforts (Kouba et
al., 2009). As a solution to the low reproductive output, various management methods are being
implemented, including cryopreservation and in-vitro fertilization (IVF), to bolster the level of
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reproductive success and maintain or increase genetic variation (Kouba & Vance, 2009; Clulow
et al., 2014). While not as advanced as its use in other species, the application of sperm
cryopreservation in amphibians has led to the collection and storage of sperm from multiple
imperiled species (Kouba et al., 2013). The National Amphibian Genome Bank (NAGB) housed
at Mississippi State University alone has sperm from several threatened species including the
black-spotted newt (Notophthalmus meridionalis), Luristan newt (Neurergus kaiseri), red-tailed
knobby newt (Tylototriton kweichowensis), red-legged salamander (Plethodon shermani),
Chiricahua leopard frog (Lithobates chiricahuensis), Houston toad (Anaxyrus houstonensis),
dusky gopher frog (Lithobates sevosus), and Puerto Rican crested toad (Peltophryne lemur), not
including species of least concern (unpublished). Frozen-thawed sperm held in the NAGB from
the Houston toad (Burger, unpublished work), Puerto Rican crested toad (Burger et al., 2021),
dusky gopher frog (Langhorne, 2016), and the Chiricahua leopard frog (unpublished) have all
been used to produce offspring that were either retained in the captive assurance colonies or
released to the wild.
Amphibian sperm for cryopreservation has been collected through a variety of methods,
including exogenous hormone therapy using live animals (Uteshev et al., 2013; Burger et al.,
2021), testes macerates using euthanized animals (Mansour et al., 2010, Upton et al., 2018), and
testes excised from stored animal carcasses (Kaurova et al., 2021). Despite cryopreservation
successes using different sperm sources, there are still a lot of unknowns on the best
cryopreservation protocol to use for amphibian species. For example, multiple studies have
looked at how cryoprotectants affect post-thaw sperm motility and report varying levels of
success, ranging from 1% to 65% (Browne et al., 2002; Shishova et al., 2011; Poo & Hinkson,
2019). Furthermore, current amphibian sperm cryopreservation studies freeze sperm at slower
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rates, typically around -5 to -10°C/min, and state that higher freezing rates yield low levels of
recovered motility (Browne et al., 1998; Clulow & Clulow, 2016). However, there are no anuran
studies to our knowledge that have looked at the effects of multiple freezing rates on post-thaw
sperm motility or other parameters, including sperm morphology, viability, fertilization, and
development success of embryos. In order to establish an optimum cryopreservation protocol for
threatened species, a common animal model of similar phylogeny can be used to test various
methodologies to determine how they affect post-thaw sperm parameters, fertilization, and
embryo development success.
Model species are defined as non-human organisms that are studied to increase our
knowledge of certain biological processes that can then be applied to other species (Leoniell &
Ankeny, 2013). Appropriate models properly represent the target group(s), are easy to breed and
house in large numbers, have rapid maturity rates, high fecundity and short life spans (Barr,
2003: Leonelli & Ankeny, 2013). Current common amphibian models, such as Xenopus spp. and
Axoltl, are fully aquatic and primarily used for human medical research (Buchholz et al., 2006;
Tilley et al., 2021); thus, there are limited temperate, terrestrial amphibian models that can be
used to enhance our understanding of sperm cryobiology in terrestrial species. We propose that
the Fowler’s toad (Anaxyrus fowlerii) is an excellent model for other imperiled toads belonging
to the family Bufonidae, with 629 species in 52 genera (IUCN, 2021). The Fowler’s toad is a
small (2-3.5 inches) anuran with a conservation status of least concern (Badger, 1995; IUCN,
2021). In captivity, populations can be easily housed and maintained, will readily breed or
produce gametes naturally or when hormonally stimulated (Langhorne, 2016), females will lay
clutches of up to 8,000 eggs (Badger, 1995), and males can produce up to 1 mL of spermic urine
at a time (Burger, personal observation). Individuals reach sexual maturity at approximately 2
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years in the wild (Breden, 1987), or sooner in captivity, yet wild collections allow for the
immediate selection of mature individuals to house in a laboratory. Furthermore, Fowler’s toads
share morphological and phylogenic similarities to many anurans of conservation concern,
including the Puerto Rican crested toad, Houston toad, Wyoming toad (Anaxyrus baxteri),
Yosemite toad (Anaxyrus canorus) and Arroyo toad (Anaxyrus califorinucus).
The purpose of this study was to use the Fowler’s toad as a model species to test various
sperm cryopreservation protocols in order to determine an optimum freezing methodology.
Specific objectives included: 1) determine the effect of three cryoprotectants on post-thaw sperm
motility, fertilization, and embryo development rate; 2) determine the effect of two freezing rates
on post-thaw sperm motility, fertilization, and embryo development rate; and 3) evaluate the
optimal cryopreservation protocol on sperm post-thaw viability and morphology compared to
pre-freeze values. Cryopreservation protocols developed from this study can then be applied to
other threatened amphibian species to test the transferability of this technology for conservation
as well as establish the Fowler’s toad as a suitable model species for studying cryobiology in
anurans.
Methods
Animals
Fowler’s toads were collected during the summer of 2019 or 2020 from Oktibbeha
County, Mississippi (33.3887°N, 88.9031°W) and were housed indoors at the Conservation
Physiology Lab at Mississippi State University. Wild male adult toads were identified from
females by their darker throat patches, thumb pads, and “release calls”. All toads were housed in
same-sex groups of 2 to 6 individuals in ventilated polycarbonate containers (30 L x 46 W x 66
H cm). Enclosures were fitted with shelter and water, spot cleaned daily, and completely cleaned
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by bleaching contents and replacing substrate on a bi-weekly rotation. The lab was maintained at
20-23⁰C at all times. Animals were fed a varying diet of crickets, mealworms, and Dubia roaches
three times a week. Insects were gut-loaded with Repashy SuperLoad® (Repashy Ventures Inc.,
CA, USA) and dusted with a vitamin D supplement prior to feeding. All animal procedures were
approved by the Mississippi State University Institutional Animal Care and Use Committee
(IACUC-19-345).
Hormone administration, sperm collection, and sperm analysis
To collect spermic urine, male toads (n=32) were administered 300 IU of human
chorionic gonadotropin (hCG; Sigma-Aldrich, Product #CG5) via intraperitoneal (IP) injections
as previously described (Kouba et al., 2012b). Toads were then isolated in two-liter plastic tubs
with approximately 1.5 centimeters of water in the bottom to stimulate water uptake and urine
production. Spermic urine was collected from each male at 2, 3, 5, and 7 h post-hormone
administration by holding the individual over a petri dish until urination occurred. The volume of
spermic urine collected at each time point was recorded, and the sample was placed in sterile 1.5
mL Eppendorf tubes and immediately analyzed for sperm motility, quality, and concentration.
Urine was collected at multiple time points to increase the volume of sperm that could be
cryopreserved in multiple treatment groups. Eppendorf tubes containing spermic urine were
stored at 4°C during analysis and post-analysis until the final collection, where time points were
pooled for Experiment 1.
The following sperm motility parameters were measured immediately after each
collection: forward progressive motility (FPM; sperm exhibiting flagellar movement and
progressing forward), non-progressive motility (NPM; sperm exhibiting flagellar movement, but
not progressing forward), and non-motile sperm (NM; sperm with no flagellar movement). Total
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motility was determined as the sum of FPM and NPM (Julien et al., 2019). The Quality of FPM
(QFPM) was also measured on a 0-5 scale, with 0 representing no forward movement of the
sperm and 5 representing forceful rapid forward movement. The above parameters were
analyzed by placing 12 µL of the sperm sample under a 40x objective on an Olympus CX43
phase-contrast microscope following each collection. A sampling of 100 random spermatozoa on
the slide were counted, the parameters were recorded, and values were expressed on a proportion
basis (%). Concentration was measured by inactivating the sperm at either a 1:1, 1:5, or 1:10
ratio of spermic urine to a phosphate-buffered saline (PBS) solution depending on density of the
sperm. Ten microliters of this extended sperm were placed on a Neubaeur haemocytometer
(Hausser Scientific, Product #3200) and counted. The total number of sperm in a sample was
determined by multiplying the overall concentration by the volume (mL) of the sample, and total
motile sperm was determined by multiplying the total number of sperm by the TM. To determine
an overall assessment rating of the sperm, with emphasis on QFPM and TM, a sperm motility
index was calculated for each sample using the following equation: [(QFPM x 20) + (%TM)]/2
(Howard et al., 1990). Osmolality of spermic urine was measured using the Vapro55204
osmometer. For the in-vitro fertilization (IVF) procedure, fresh sperm controls were also
collected, analyzed, and used to fertilize a subset of eggs to make sure any effects on embryo
development observed following IVF with cryopreserved sperm were related to the treatments
rather than poor egg quality.
Experiment 1: Effect of different cryoprotectants and freezing rates on post-thaw sperm
motility and fertilization success
After the final 7 h collection, spermic urine from each individual was pooled and
analyzed. Spermic urine samples were selected for cryopreservation if they had ≥ 50% total
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motility and a concentration ≥ 0.8 x 106 mL-1. From the individual pooled sperm, 100 µL aliquots
were mixed with one of three cryoprotectant agent (CPA) treatment groups (n=22
toads/treatment). The three treatment groups contained a base of 10% Trehalose + 0.25% Bovine
Serum Albumin (BSA) with either: 1) 5% N,N- dimethylformamide (DMFA); 2) 10% DMFA; or
3) 10% dimethyl sulfoxide (DMSO). To reach the desired CPA treatment concentrations, sperm
aliquots were mixed 1:1 with 100 µL of a 2x stock.
Additionally, each of the three treatment groups consisted of two subgroups to evaluate
freezing rates: 1) straws held at 5 cm above liquid nitrogen (LN2) prior to plunging (-32 to 45°C/min); and 2) straws held at 10 cm above LN2 prior to plunging (-20 to -29°C/min). At least
two replicates per treatment and sub-treatment group per individual were conducted to further
reduce variability. In order to test all three treatments and subgroups, > 1.2 mL of spermic urine
per individual was needed, hence the pooling over several collection time points. Once sperm
were combined with the CPA treatments, the 200 µL cryosuspensions were loaded into 0.25 mL
plastic freezing straws (Minitube International®, Germany) and plugged with Critoseal® (Leica
Biosystems, IL, USA). The preparation and loading of the cryosuspensions into the straws took
place on an ice pack in order to maintain the temperature of the cryosuspensions at
approximately 4°C while handling. Straws were then equilibrated with CPA treatments in the
refrigerator at 4°C for 10 minutes, prior to the freezing process.
For straws suspended 5 cm above the LN2, the holding rack was removed from the
refrigerator and placed into a freezing unit (30 x 24 x 15 cm; Minitube International®, Germany,
Product #15043/0636) 5 cm above LN2. Straws were held for ten minutes in the LN2 vapor
before plunging into the liquid. Once equilibrated, straws were removed and placed into a
goblet, which was immediately transferred into a long-term cryopreservation storage tank. For
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straws suspended 10 cm above the LN2, the straws were removed from the refrigerator and
transferred to a Styrofoam box (21 x 16.5 x 20.5 cm) with a rack situated 10 cm above LN2. The
same procedures used for straws suspended 5 cm above LN2 were followed for this subtreatment group. Straws remained in the genome bank for up to eleven months until the thawing
process and post-evaluation.
The thawing process consisted of removing individual straws from the cryopreservation
tank, waving them in the air for 5 seconds, and subsequently plunging them into a 40˚C water
bath until all ice crystals melted (~ 5 seconds). The thawed contents were expelled onto a plastic
petri dish and diluted at a 1:10 ratio of cryosuspension to sterile embryo transfer water. This
dilution activated the frozen sperm in the sample, which was then analyzed immediately after
dilution. To determine the effects of the cryoprotectant treatments and freezing rates on postthaw sperm motility, we measured FPM, NPM, NM, and TM as described above for pre-freeze
analysis. Both absolute motility and relative motility were recorded for all post-thaw sperm
samples. Absolute motility is the raw motility values counted during post-thaw sperm analysis,
whereas relative motility is the ratio of post-thaw to pre-freeze motility. Relative motility takes
into account the starting motility of the sample and adjusts the final value to represent how much
sperm motility was recovered after the freezing process.
Ultrasonography was used to select females for IVF according to follicle maturation and
development as previously described for Lithobates sevosa (Graham et al., 2018). All
ultrasounds were graded on a 0-3 scale, with 0 being no egg development and 3 being an even
level of development across the entire ovary. No egg development is determined by a lack of
hypoechoic space interspersed in the hyperechoic areas. As seen in the red circle in Figure 1A,
hyperechoic space represents the egg follicles, and hypoechoic space represents the egg jelly
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surrounding the follicles. High levels of hypoechoic space indicate that a female has fully
developed eggs and could be administered a hormonal ovulatory dose to stimulate oviposition.
(Bronson and Vance, 2019). As ultrasound ovarian development images have never been
published for Fowler’s toads, we present here a guide to follicle development that can be used to
select females for ovulation (Figure 1). From our captive population, eleven females of grades 23 were selected for hormone stimulation and IVF. Females at grade 2 were administered a prime
of 100 IU hCG, followed by a second prime of the same hormone concentration 72 hours later.
Twenty-four hours after the second prime, an ovulation dose of 300 IU hCG + 15 ug
gonadotropin-releasing hormone analog (GnRHa; Sigma-Aldridge, Product #L4513) was
administered. Females at grade 3 only received one prime, followed by the ovulatory dose 24
hours later. Once the ovulatory dose was administered, the female was placed in approximately
one centimeter of water to encourage egg laying. Females were checked at regular intervals until
a few eggs were observed to have been spontaneously laid in the plastic tubs. If twelve hours
passed without any laying, eggs were expressed using gentle pressure to the abdomen as
described by Bronson and Vance (2019). Once the female started laying, about 100 eggs were
placed in separate dishes for the fertilization experiments using the cryopreserved sperm
treatments.
A sub-group of cryopreserved sperm from male toads (n=6) was selected to use in IVFs
to determine the effects of the CPA treatments and freezing rates on fertilization and embryo
development. For IVF, cryopreserved sperm from the six males were thawed as described above,
reactivated in embryo transfer water, and analyzed for the same parameters as previously
detailed. While a sample of reactivated post-thaw sperm was being analyzed, the remainder was
pipetted over the eggs and allowed to sit for 5 minutes before flooding the dish with aged tap
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water. IVF dishes were labeled with the female ID, male ID (n=6 frozen, n=4 fresh), treatment
type, date, and time. Experimental controls consisted of parthenogenetic controls for each malefemale pairing to establish the level of auto-activation that may have occurred during eggexpression; and fresh sperm controls to ensure that egg quality was not a factor on experimental
variables. Embryonic development rates were monitored to determine the number of individuals
to reach Gosner stages 3 (cleavage), 13 (neurula), and 20 (hatched) (Gosner 1960).
Once individuals reached Gosner stage 20, undeveloped eggs were removed, and the
tadpoles were relocated to larger plastic containers (18 x 28 x 14 cm), keeping individuals
separated based on treatment type. Air pumps and air stone cylinders were added to the tanks to
oxygenate the water. Tanks were spot cleaned every day, and water was changed every other
day. Tadpoles were fed a mixture of Tetra® Tetramin Tropical Flakes and Tetra® PlecoWafers
until their release.
Experiment 2: Effect of optimal cryoprotectant and freezing rate on sperm viability,
structural integrity, and morphology
While the protocol of freezing sperm with 10%DMFA at 5cm above LN2 produced the
highest level of motility and fertilization in Experiment 1, we wanted to further determine this
treatment’s effect on the sperm physiology, specifically any changes in viability, structural
integrity, and morphology that occurred during cryopreservation or thawing. For Experiment 2,
males (n=10) were administered hormone in the same method as described above, and collected
sperm were analyzed for pre-freeze variables including motility, concentration, viability,
abnormality, and presence/absence of the mitochondrial vesicle (MV).
Sperm viability was measured using the SYBR-14/ propidium iodine (PI) dual viability
stain that measures live/dead sperm in the same view. In brief, SYBR-14 and PI were thawed and
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separated into 1 µL and 2 µL aliquots, respectively. SYBR-14 was diluted 1:50 in a Holtfreter’s
solution, and 5 µL of this mixture was added to 5 µL of spermic urine. Following a seven-minute
incubation period at room temperature, 2 µL of PI was added to the 10 µL spermic urine/SYBR14 mixture. After another seven-minute incubation period, the 12 µL suspension was placed on a
slide, cover slipped, and evaluated on a Nikon Eclipse Ni microscope with a red/green filter. A
hundred sperm were counted as live or dead, with red cells representing dead sperm and green
cells representing live sperm (Figure 4C-E). Staining protocols followed those outlined in
Langhorne (2016). For pre-freeze and post-thaw abnormality analysis, sperm were categorized
into four groups: 1) no abnormalities; 2) abnormal tail (tails are split or curled); 3) abnormal
head (heads are curled, engorged, broken, bent, or absent); and 4) both head and tail
abnormalities (Figure 6B-E). The presence/absence of the MV was also categorized into three
groups: 1) motile sperm + MV; 2) nonmotile sperm + MV; and 3) nonmotile sperm – MV
(Figure 5C-D). For both the abnormality and MV measurements, 12 µL of spermic urine was
placed on a slide and a sampling of 100 random spermatozoa were counted.
As described above, spermic urine from the additional ten males were frozen using a final
concentration of 10% DMFA suspended at 5cm above LN2. Similarly, the spermic urine was
prepared for cryopreservation, frozen, and thawed as described above. The same motility (FPM,
NPM, NM, and TM), viability (live, dead), abnormality (normal, tail, head, both), and MV
(motile + MV, motile – MV, nonmotile + MV, nonmotile – MV) parameters were measured
post-thaw and compared to pre-freeze values in order to determine the effect of cryopreservation
on these various factors.

31

Statistical analysis
To determine an effective sampling size prior to experimentation, we ran a power
analysis with a statistical significance of 0.05, a power of 0.8, and an effect size of 0.5 (Sullivan
& Feinn, 2012). After exploratory data analysis, we decided to analyze all motility and embryo
development data using Generalized Additive Model for Location Scale and Shape (GAMLSS)
tests. Absolute and relative sperm motility were run under a beta distribution, and FPM and all
development rates (cleavage, neurulation, hatch) were run under a zero-inflated beta distribution.
While all females responded to the hormone treatment (n=11), data from six were included in the
analysis. The other five females did not produce enough eggs for all six treatments to be applied,
so they were removed from the analyses to control for any potential bias and variation. For
motility and fertilization data, we evaluated candidate models using freezing rate, CPA, and the
interaction between freezing rate and CPA as fixed effects and the individual (or male-female
pair for embryo development data) as a random effect. We measured the relative support of each
model, including all single-variable models, additive combinations, and interactions, using
Akaike information criterion (AIC). Highly competitive models were those with a ΔAIC < 2
from the top model. Comparisons between pre-freeze and post-thaw MV and abnormal tail
parameters were analyzed using paired Wilcoxon Signed-Rank tests. Comparisons between prefreeze and post-thaw viability, total motility, and the remaining abnormality parameters were
analyzed using paired sample t-tests. Effect size for data run with a paired Wilcoxon SignedRank tests is represented as Cohen’s d. Prior to analyses, data were tested for normality using
Shapiro-Wilk Tests and residual plots, and homogeneity was tested using Levene Tests.
Variation explained by each model was determined through R2 values. Statistical significance
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was set at 0.05, and data is expressed as mean  SEM. All data was analyzed in RStudio with R
version 4.0.2.
Results
Fresh sperm parameters following exogenous hormone administration
All males (n = 32) responded to hormone treatment and produced a sufficient quality and
quantity of sperm for cryopreservation. Total volume of the fresh pooled samples ranged from
1.2-2.3 mL (mean = 1.6  0.1 mL), and concentration ranged from 0.8-28.6 x 106 sperm/mL
(mean = 4.9 x 106 sperm/mL). From these values, we were able to determine the total number of
sperm present in each pooled sample, which ranged from 1.0-13.9 x 106 sperm (mean = 3.5  0.4
x 106 sperm) across all males. TM varied from 53-95% (mean = 81  2%), and out of this total,
23-84% (mean = 54  3%) of sperm were forward progressive with a QFPM ranging from 2-5
(mean = 3.5  0.1). The QFPM and total motility were used to determine the sperm motility
index for each individual, which ranged between 20.3-50.4 (mean = 35.4  1.5) across all males.
Table 2 shows the average spermic urine pre-freeze values for volume, osmolality, FPM, quality
of FPM, TM, sperm motility index, concentration, total sperm, and total motile sperm.
Experiment 1: Effect of different cryoprotectants and freezing rates on post-thaw sperm
motility and fertilization success
Experiment 1 evaluated how the three cryoprotectant treatments (5% DMFA, 10%
DMFA, and 10% DMSO) and two freezing rates (-32 to -45°C/min and -20 to -29°C/min)
affected post-thaw sperm motility, egg fertilization, and embryo development. For post-thaw
total sperm motility, there was considerable support for one model ((CPA + freezing rate), wi =
0.75), with no other models that were highly competitive (ΔAIC < 2). For models analyzing
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cleavage, neurulation, and hatching rates, all highly competitive models (ΔAIC < 2) included
freezing rate, but not cryoprotectant, indicating that the varying freezing rates had a greater effect
on embryo development than the different cryoprotectants. For cleavage, the two competitive
models had an additive effect ((CPA + freezing rate), ΔAIC = 0.00, wi = 0.57) and an interaction
and additive effect ((CPA + freezing rate + CPA*freezing rate), ΔAIC = 0.99, wi = 0.35). For
neurulation and hatching rates, the competitive models were the ones with an additive effect
((CPA + freezing rate), ΔAICneurula = 0.26, wneurula = 0.41, ΔAIChatch = 1.60, whatch = 0.28) and the
model with freezing rate as an explanatory variable (ΔAICneurula = 0.00, wneurula = 0.46, ΔAIChatch
= 0.00, whatch = 0.62).
Total post-thaw sperm motility fluctuated widely between 4-60% and averaged 23  2%
across all CPA and freezing treatments. Ten percent DMFA had a significantly higher (β = 0.23,
SE = 0.08, df = 26, t = 2.8, p = 0.005) total post-thaw sperm motility than 5% DMFA, but did not
differ significantly from 10% DMSO (24  3% vs. 20  2% vs. 22  3%, respectively) (Figure
2). FPM ranged between 3-6% for frozen-thawed sperm and averaged 5  1% across all
treatments. We did not find any significant difference in FPM by CPA treatment (df = 27, 0.03 ≤
t ≥ 1.3; p> 0.05).
For fertilization and embryo development results, we utilized the parthenogenic controls
and cleavage (86  8%), neurula (70  11%), and hatching (52  10%) rates of eggs fertilized
with fresh sperm as a baseline comparison for the post-thaw motility treatments. Parthenogenic
controls did not result in any embryo development, so we did not have to account for potential
auto-activation in our treatments. We found no significant difference (df = 13, 0.1 ≤ t ≥ 1.6, p >
0.05) between cleavage, neurulation, and hatching development rates between the three CPAs
tested (Figure 3). Since there was no difference between the CPAs, the data was combined to
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compare cleavage, neurulation, and hatch rates of frozen-thawed sperm to the fresh control. The
development rates of fresh and frozen-thawed sperm were significantly different for cleavage (β
= 4.87, SE = 0.35, df = 13, t = 13.9, p < 0.001), neurulation (β = 3.73, SE = 0.26, df = 13, t =
14.3, p < 0.001), and hatching (β = 2.77, SE = 0.29, df = 13, t = 9.6, p < 0.001), with fresh sperm
producing higher rates than frozen for each development stage (Figure 3).
When looking at the effects of freezing rate, we found that sperm frozen at -32 to 45°C/min produced a significantly higher (β = 0.32, SE = 0.07, df = 26, t = 4.8, p < 0.001) total
post-thaw motility than sperm frozen at -20 to -29°C/min (24 ± 3% vs 19 ± 2%, respectively)
(Figure 2). Furthermore, this faster freezing rate produced a significantly higher (β = 0.24, SE =
0.09, df = 27, t = 2.6; p = 0.01) level of post-thaw FPM than the slower rate (5  1% vs 4 ± 1%,
respectively). We also found that using sperm frozen at -32 to -45°C/min to fertilize eggs
produced significantly higher rates of cleavage (β = 0.54, SE = 0.15, df = 13, t = 3.5, p =
0.0013), neurulation (β = 0.55, SE = 0.16, df = 13, t = 3.6, p = 0.0012), and hatching (β = 0.58,
SE = 0.18, df = 13, t = 3.3, p = 0.0023) than sperm frozen at -20 to -29°C/min (Figure 3). Table 3
shows post-thaw motility applied to eggs collected during IVF and fertilization rates across all
treatments.
Overall, this study produced 1,327 hatched tadpoles from frozen-thawed sperm across all
six treatments. These tadpoles were then released back into the wild or kept in captivity for a
follow-up experiment to determine growth rate of tadpoles past hatching.
Experiment 2: The effect of cryopreservation on sperm viability, structural integrity, and
morphology
Experiment 2 evaluated how the optimum cryoprotectant and freezing rate determined
from Experiment 1 affects the viability, structural integrity of the MV and morphology of
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cryopreserved sperm. Table 2 shows the average spermic urine pre-freeze values for viability,
normal sperm, sperm with abnormal heads, sperm with abnormal tails, sperm with abnormal
heads and tails, and sperm with MVs present. Viability for fresh sperm ranged from 52-93% and
was significantly higher (df = 9, t = 2.9, p = 0.02) than the viability of frozen-thawed sperm (78
 5% vs 64  2%, respectively) (Figure 4). We also found there was a greater (df = 14, t = 5.8, p
< 0.001) percent viable sperm than motile sperm in post-thawed samples, indicating a higher
level of survival post-thaw than anticipated (Figure 4). Fresh sperm with a MV present ranged
from 70-93%, compared to 17-62% in frozen-thawed sperm, and we found significantly more (df
= 9, d = 3.8, p = 0.002) fresh sperm with the MV attached than frozen-thawed sperm (80  3% vs
35  4%, respectively). Frozen-thawed sperm had significantly higher levels of nonmotile sperm
with the MV present (df = 9, d = 2.5, p = 0.006) or absent (df = 9, d = 3.1, p = 0.002) than fresh
sperm (19  1% and 47  4% vs. 5  2% and 16  3%, respectively) (Figure 5). For the
abnormality measurements, we found that fresh sperm had normal sperm morphology in the
range of 45-80% (mean = 66  3%) and low levels of sperm with any type of abnormality (332%). The highest percent mean abnormality observed in fresh sperm was for heads (mean = 14
 2%) (Table 2; Figure 6A). Overall, fresh sperm had a significantly higher (df = 9, t = 15.5, p <
0.001) rate of normal sperm than frozen-thawed sperm (66  3% vs 14  2%), and frozen-thawed
sperm had a significantly higher rate of sperm with abnormal heads (df = 9, t = 3.7, p = 0.005),
tails (df = 9, d = 3.4, p = 0.002), and both abnormalities (df = 9, t = 7.2, p < 0.001) than fresh
sperm (23  1%, 37  2%, and 27  2% vs 14  2%, 11  3%, and 10  2%, respectively) (Figure
6A). These results indicate that the cryopreservation process did have a significant effect on the
morphology of the sperm.
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Discussion
In this study, we aimed to develop an optimum cryopreservation protocol using Fowler’s
toads as the common animal model for imperiled anuran species. The results indicate that the use
of 10% DMFA and a freezing rate of -32 to -45°C/min produced the best post-thaw motility
levels for Fowler’s toad sperm. Furthermore, this faster freezing rate, when paired with any of
the three cryoprotectants, led to the highest levels of fertilization success as well as embryo
development rates. This finding on the effect of freezing rates on post-thaw sperm motility and
embryo development rates is the first of its kind for any anuran species. We also determined the
optimum cryopreservation protocol’s effects on sperm viability and morphology by comparing
pre-freeze and post-thaw measurements. As expected, post-thaw sperm had a higher rate of
abnormalities, a higher rate of nonmotile spermatozoa without mitochondria vesicles, and a
lower rate of viability than pre-freeze sperm, supporting the assumption that the cryopreservation
process negatively affects sperm integrity. While cryo-damage was noted upon thawing, the
frozen-thawed sperm still produced over 1300 tadpoles, which is one of the highest number of
tadpoles produced by frozen-thawed sperm using live animal donors. This result shows that
while abnormality levels may be high in post-thaw sperm, fertilization using frozen-thawed
sperm is not only possible, but can produce a large number of offspring.
The development of cryopreservation protocols for Fowler’s toads builds on our previous
work for developing sperm freezing strategies in a model bufonid species (Langhorne, 2016).
These protocols have subsequently been applied to anuran sperm freezing by other labs,
including testing in Fowler’s toads (Poo & Hinkson, 2019). Our findings suggest that either 10%
DMFA or 10% DMSO could be used for freezing sperm in Fowler’s toads; both CPAs provided
an average of 24 and 22% absolute post-thaw motility, respectively. In particular, we
37

recommend 10% DMFA as the CPA of choice due to at least 10/22 males having above 30%
post-thaw sperm motility, with some animals reaching almost 60%. Poo and Hinkson (2019)
analyzed the effect of 5, 10, and 15% DMFA on post-thaw sperm motility in Fowler’s toads
using a constant freezing rate similar to our slower rate (-20 to -29°C/min). Therefore, in order to
accurately compare the two studies, the following discussion focuses on sperm frozen at -20 to 29°C/min in the current study. The optimum cryoprotectant determined by Poo and Hinkson
(2019) was 5% DMFA, resulting in ~ 20% average relative (recovered) post-thaw sperm
motility. The current study found a similar recovered motility (22%) when using 5% DMFA.
However, unlike Poo and Hinkson (2019), this study found 10% DMFA to be the optimum
cryoprotectant, resulting in a recovered motility of 25%. Interestingly, we observed a recovered
motility four to five times higher than reported by Poo and Hinkson (2019) when using 10%
DMFA at the same freezing rate (25% vs. ~0-5%). A possible reason for this variation in results
may be the difference in non-permeating CPAs used in the final cryosuspensions. While both
experiments used Trehalose with the DMFA or DMSO, this study also included BSA into the
cryosuspension as a way to further offset the damage done by the freezing process and toxicity of
the permeating CPAs. BSA is a serum albumin protein that has been shown to be a protective
element during the cryopreservation process. BSA has been reported to protect the integrity of
post-thaw sperm membrane by eliminating free radicals produced by oxidative stress (Uysal &
Bucak, 2007; Seriozkan et al., 2009), increase the fluidity of the sperm membrane to minimize
cryodamage (Yamashiro et al., 2006), increase post-thaw sperm motility (Matsuoka et al., 2006;
Yamashiro et al., 2006; Uysal & Bucak, 2007), increase fertilization rate (Seriozkan et al., 2009),
maintain acrosomal integrity (Yamashiro et al., 2006; Uysal & Bucak, 2007; Seriozkan et al.,
2009), and increase protein concentration of the cryosolution, decreasing the rate of ice
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formation by dehydrating the cell (Tamiya et al., 1985). Therefore, the inclusion of BSA in our
cryosuspension may have offered additional protection to the spermatozoa, reducing the potential
risk of damage normally seen when using higher concentrations of CPAs. More research
utilizing BSA as a non-permeating cryoprotectant in anurans could further validate these results.
Our results on the benefit of faster freezing rates to post-thaw sperm motility is different
from many other anuran studies. Most cryopreservation studies to date have frozen anuran sperm
at a slower rate of -5 to -10°C/min (Browne et al., 1998; Mansour et al., 2010; Clulow & Clulow,
2016), yet few have directly compared the effects of varying freeze rates on motility. Preliminary
experiments conducted by Browne et al. (1998) found that a freezing rate of ~ -40°C/min led to
<2% recovered motility and a rate of ~ -30°C/min led to <10% recovered motility. In contrast,
the current study found that a faster rate of ~ -40°C/min led to significantly better post-thaw
motility, with some samples reaching nearly 60%. This variation between studies could once
again be caused by the composition of the cryosuspension used to limit cellular damage during
the freezing process. However, this study looked at two freezing rate that are considered fast
when compared to the base rate of -5-10°C/min used by other investigators (Browne et al., 1998;
Mansour et al., 2010; Clulow & Clulow, 2016). Further studies that compare the two rates tested
here against the slower rate could further elaborate on the best freezing method to apply for
cryopreservation. Regardless of these differences, the results discussed here indicate that a
slower rate is not the only method of achieving high levels of post-thaw motility, with more
rapid freezing rates providing large numbers of offspring following IVF. As cryopreservation
efforts shift towards biobanking individuals in the wild (Burger et al. 2021), applying protocols
that lead to high levels of post-thaw motility and IVF success increases the possibility of linking
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in-situ and ex-situ populations of numerous threatened anuran species using genome banking,
increasing the genetic representation of captive and wild groups.
Very few studies have tested the effects of cryoprotectants and sperm freezing on
fertilization success and embryo development. Shishova et al. (2011) used the common European
frog (Rana temporaria) to test these effects and determined that DMFA (12%) produced higher
rates of post-thaw sperm motility and fertilization than DMSO (12%). Proaño and Perez (2017)
tested three concentrations of DMSO (5%, 10%, and 15%) on the rate of fertilization in the cane
toad (Rhinella marina) and found that 10% DMSO produced higher rates of fertilization. These
studies indicate that the CPA used to freeze sperm likely affects IVF success; however, the
cryosuspensions applied in Shishova et al. (2011) and Proaño and Perez (2017) were different
from the BSA + Trehalose + CPAs explored in the current study, where we found no effect on
fertilization success based on CPA. Furthermore, this is the first study to analyze how freezing
rate affects IVF success and embryo development using cryopreserved sperm, showing that the
faster freezing rate, which produced higher post-thaw motilities, also produced higher rates of
fertilization and embryo development. This knowledge of the effects of freezing rates on embryo
development is invaluable for the application of ART, showing how specific cryoprotectants and
freezing rates affect offspring development through the quality of sperm used to fertilize the
eggs. Since the goal of ART is to produce offspring that can then develop into reproductively
viable adults, it is paramount that we broaden our understanding of how the manipulation of the
sperm pre- and post-cryopreservation affects the fertilization and development process. The next
step in this procedure is to track development past the tadpole stage and into adulthood to
determine any lasting effects the CPAs and freezing rates may have on the individuals.
Preliminary results did not indicate any variation between CPAs and freezing rate on tadpole
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growth up through metamorphosis (Burger, unpublished. See Appendix A). However, more
experimental trials are needed to validate our initial findings.
Following the cryopreservation and thawing process, many surviving spermatozoa
exhibit high levels of cellular damage, possibly limiting their ability to successfully fertilize eggs
once thawed. Several studies have found that the mitochondria are particularly susceptible to
cryopreservation damage (Ferrusola et al., 2010; Treulen et al., 2018), with the bond between
mitochondrial vesicle and sperm head being particularly weak and susceptible to rupture or
disassociation from the head (Kouba & Vance, 2009). Detailed studies analyzing the relationship
between the presence or absence of the vesicle and sperm motility in toads is limited (Kouba et
al., 2003; Chen, unpublished). Typical sperm parameters taken pre- and post-cryopreservation
for anurans focus solely on motility (Beesley et al., 1998; Browne et al., 1998; Browne et al.,
2002; Poo & Hinkson, 2019). However, if the absence of the MV makes a sperm nonmotile,
motility may not be the only measurement of the true percentage of sperm that survived
cryopreservation. This study found that frozen-thawed sperm had high rates of viable, non-motile
spermatozoa (albeit missing the MV), with viability being significantly higher than motility
(64% vs. 36%). This finding indicates that the loss of the MV may be the cause for the decreased
motility and shows that there were more sperm that survived the cryopreservation process than
the motility count suggests. The separation of the MV from the spermatozoa and the subsequent
loss in motility may have severe implications on the fertilization potential of frozen-thawed
sperm during IVFs. Utilizing a method like intra-cytoplasmic sperm injection (ICSI), the viable,
nonmotile sperm might still be used to fertilize eggs, which could exponentially increase success
of IVFs and produce more offspring than current protocols.
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Future directions for study include the need to apply the optimal protocol described here
to other anurans in order to establish this as a useful cryopreservation method as well as
strengthen the value of the Fowler’s toads as a suitable model species. Although applying the
Fowler’s toad protocol to other threatened species is the greatest conservation need, there are a
number of important questions this study did not answer that would be valuable for
implementing possible improvements to the protocol. Some of these topics include ways to
preserve the MV better during the freezing process, evaluating the specific protective effects of
BSA on sperm quality, determining if there are more efficient ways for thawing sperm since a
significant amount of damage occurs during the warming process, establishing if offspring
produced through frozen-thawed sperm are reproductively viable, and exploring if the high
proportion of viable, non-motile sperm open up the possibility for ICSI as a recovery technology.
Answering these questions could provide knowledge that may be instrumental in improving the
current cryopreservation methodology and increasing the overall success of genome banking
application to other threatened species.
Once sperm has been cryopreserved, it is stored long-term in a genome resource bank
(GRB) for use in research, genetic management or perpetuity for recovery of lost genes. GRBs
allow for the indefinite storage of genetic material, primarily for use in future reproductive
efforts. Kouba and Vance (2009) provided numerous justifications for establishing a GRB,
including increased security, increased gene flow, and extended generation times. As disease
prevalence in amphibians grows, specifically with the fungal disease chytridiomycosis (Bd), the
need to breed animals in biosecure facilities while minimizing the spread of disease is paramount
for building population numbers and facilitating reintroductions. Biobanks are valuable in such
instances as sperm from diseased founder animals can be cryopreserved and their genetics
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recovered at later times to reduce genetic drift in the population. This method of limiting disease
spread through ART has been shown in the endangered Houston toad, where eggs collected from
a female in quarantine due to chlamydia infection were fertilized using frozen-thawed sperm
from a male, successfully producing offspring (Burger, unpublished. See Chapter II).
Furthermore, using frozen sperm in IVFs can increase the gene flow between breeding facilities
(without the stress of shipping animals) as well as between captive and wild groups, increasing
genetic variation among populations and producing more diverse offspring for reintroductions.
An increase in genetic variation will limit inbreeding and bottleneck effects, while also
producing offspring that may be better suited for adapting to a changing environment. Lastly,
since sperm can be frozen indefinitely, cryopreserved sperm can be used across multiple
generations, even after the male has died. This generational-effect allows us to reintroduce genes
that may have been lost or increase genes that are not prevalent in a specific group. The above
justifications are a few of the reasons as to why having an established GRB is crucial in
amphibian conservation breeding programs for long-term sustainability. Optimized sperm
cryopreservation protocols developed here and in Langhorne (2016) using the model Fowler’s
toad have already seen application to other species, including the Puerto Rican crested toad
(Peltophyrne lemur, Burger et al., 2021), dusky gopher frog, (Lithobates sevosa, Langhorne,
2016; Poo & Hinkson, 2019), boreal toad, (Anaxyrus boreas boreas, Langhorne, 2016),
Wyoming toad (Anaxyrus baxteri, Poo & Hinkson, 2019), Houston toad (Anaxyrus houstonensis,
Burger, unpublished data), Chiricahua leopard frog (Lithobates chiricahuensis, Kouba,
unpublished data), and northern leopard frog (Lithobates pipiens, Poo & Hinkson, 2019). Using
this ideal protocol to freeze and store sperm in a GRB for use in future reproductive events could
drastically increase the rate of reproduction in captive breeding programs, which may lead to an
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increased number of reintroduction events in order to reverse or stabilize the amphibian
extinction crisis.
In this study, we have shown that toad sperm can be collected from live animals using
hormone therapy, cryopreserved, thawed, and have post-thaw parameters sufficient for
producing large numbers of offspring in IVFs. We report a CPA of 10% DMFA and a freezing
rate of -32 to -45°C/min as the optimum parameters for sperm cryopreservation- a methodology
that can now be applied to other at-risk amphibian species, both in captivity and the wild.
Already, the widespread application and success of this protocol in producing offspring for other
threatened anurans reinforces the use of Fowler’s toads as a model organism for cryobiology
studies that will continue to be refined and improved upon over time. Furthermore, the suite of
knowledge on sperm physiology continues to grow and open up new avenues for research and
genetic management with high conservation value to recovery programs. As our knowledge in
sperm physiology increases, along with the widespread application of this knowledge towards
protocol refinement, recovery programs will be able to successfully apply ARTs in order to
better manage for genetic variation and sustainability in countless amphibian populations.
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Table 1

AIC output for model selection

Response
variable

Total
Motility

Cleavage
rate

Neurulation
rate

Hatch rate

Candidate Models

df

AIC

▲ AIC

Weight

Freezing rate + Cryoprotectant + Random(individual)

26

-382.10

0.00

0.75

Freezing rate + Cryoprotectant + Freezing rate*Cryoprotectant +
Random(individual)

28

-378.93

3.18

0.15

Freezing rate + Random(individual)
Cryoprotectant + Random(individual)
Random(individual)
Freezing rate + Cryoprotectant + Random(round)
Freezing rate + Cryoprotectant + Freezing rate*Cryoprotectant +
Random(individual)
Freezing rate + Random(round)
Cryoprotectant + Random(round)

24
24
8
13

-377.90
-362.32
-64.54
-110.05

4.20
19.78
317.56
0.00

0.09
0.00
0.00
0.57

11

-109.06

0.99

0.35

15
12

-106.08
-100.61

3.97
9.44

0.08
0.01

Random(round)

4

-25.57

84.48

0.00

Freezing rate + Random(round)

12

-115.11

0.00

0.46

Freezing rate + Cryoprotectant + Random(round)
Freezing rate + Cryoprotectant + Freezing rate*Cryoprotectant +
Random(round)
Cryoprotectant + Random(round)

14

-114.85

0.26

0.41

16

-112.55

2.57

0.13

13

-105.19

9.92

0.00

Random(round)

8

-18.12

66.99

0.00

Freezing rate + Random(round)

11

-107.73

0.00

0.62

Freezing rate + Cryoprotectant + Random(round)
Freezing rate + Cryoprotectant + Freezing rate*Cryoprotectant +
Random(round)
Cryoprotectant + Random(round)

13

-106.13

1.60

0.28

15

-107.73

3.81

0.09

12

-97.96

9.77

0.00

Random(round)

9

-66.40

41.33

0.00
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Table 2

Fowler’s toad fresh sperm parameters

Fresh Sperm Parameter

N

Average

Volume (mL)

22

1.6  0.1

Osmolality

12

40.2  3.2

32

53.9  2.8

32

3.5  0.1

%Total Motility

32

81.2  1.8

Sperm Motility Index
Concentration (x106
sperm/mL)

32

35.4  1.5

32

4.9  0.9

Total Sperm (x106 sperm)

32

4.4  0.5

Total Motile Sperm (x106
sperm)

32

3.5  0.4

Viability (% Live sperm)

10

78.1  4.6

%Normal Sperm

10

65.8  3.2

%Abnormal head

10

13.8  2.1

%Abnormal tail

10

10.8  2.6

%Forward Progressive
Motility
Quality of Forward
Progressive Motility

% Abnormal head & tail
10
9.6  1.6
%Sperm with Mitochondria
10
79.6  2.9
Vesicle
(A) Fresh sperm parameters prior to freezing. Data is shown as mean  SEM. Varying sample
sizes is due to the number of individuals used in Experiment 1 vs Experiment 2. (B) Morphology
of a normal toad sperm cell. All normal toad sperm cells have a head, tail, and mitochondria
vesicle.
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Table 3

Post-thaw motility of sperm used to fertilize eggs in IVFs separated by
cryoprotectant and height.
Motility of post-thaw
sperm for IVF

Fertilization

Controls

# of
males

FPM
(%)

TM
(%)

# of
females

# of
Eggs

Cleavage
(%)

Neurula
(%)

Hatched
(%)

Parthenogenic

NA

NA

NA

6

317

0

0

0

Fresh

4

72 ± 8

88 ± 3

4

415

86 ± 8

70 ± 11

52 ± 10

CPA

N

FPM
(%)

TM
(%)

N

# of
Eggs

Cleavage
(%)

Neurula
(%)

Hatched
(%)

5% DMFA

6

8.6 ±
1.7a

26.3 ±
3.7a

6

2612

19.3 ± 4.4a

16.3 ±
4.5a

15.9 ±
4.5a

10% DMFA

6

8.8 ±
2.2a

29.9 ±
5.2a

6

2865

15.2 ± 4.2a

13.0 ±
3.9a

12.3 ±
3.8a

10% DMSO

6

7.5 ±
2.1a

26.9 ±
6.1a

6

2909

14.1 ± 4.7a

12.2 ±
4.8a

12.0 ±
4.8a

Height

# of
males

FPM
(%)

TM
(%)

# of
females

# of
Eggs

Cleavage
(%)

Neurula
(%)

Hatched
(%)

5cm

6

9.6 ±
2.3a

30.5 ±
5.8a

6

4059

19.8 ± 4.7 a

17.1 ± 4.7

16.9 ±
4.7a

10cm

6

6.8 ±
1.8b

24.1 ±
3.9b

6

4197

12.6 ± 3.6 b

10.5 ± 3.7

a

b

9.9 ±
3.6b

Summary table of post-thaw forward progressive motility (FPM) and total motility (TM) of
sperm used to fertilize eggs in IVFs separated by cryoprotectant and height. Lowercase letters
represent significance between columns within a heading (CPA/height). Values are reported as
mean ± SEM.

47

Figure 1

Fowler’s toad ultrasound grading scale

Representative images of grades 0-3 of Fowler’s toads. Egg jelly is indicated by hypoechoic
(dark) areas and eggs by hyperechoic (white) areas. (A) Almost no hypoechoic areas between
eggs indicate this female has almost no egg development. (B) Low levels of hypoechoic areas
between hyperechoic areas indicate minimal egg development. (C) Mid-levels of hypoechoic are
between eggs show that this female has moderate egg development and could be administered a
priming dose, followed by an ovulatory dose for IVF. (D) High levels of hypoechoic area
indicate that this female has fully developed eggs and could be administered an ovulatory dose
for IVF. Females at ultrasound grades 2 and 3 were selected for IVF.

48

Figure 2

Post-thaw sperm total motility separated by cryoprotectant and freezing rate

(A) Percentage of post-thaw total sperm motility separated by cryoprotectant added to the fresh
sperm upon freezing. Lowercase letters indicate significance between columns. (B) Percentage
of total post-thaw sperm motility depending on freezing rate, shown as distance from LN2. Five
cm from LN2 had a freezing rate of -35-40°C/min, and 10 cm had one of -29-32°C/min.
Lowercase letters represent significance between columns.
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Figure 3

Development rate of Fowler’s toad embryos separated by cryoprotectant and
freezing rate

(A) IVF development rate at each stage after fertilization depending on the cryoprotectant added
to fresh sperm upon freezing. Data is shown as mean ± SEM, and lowercase letters represent
significance between cryoprotectants per development stage. (B) Development rate of
individuals at each development stage after fertilization depending on freezing rate, shown as
distance from LN2. Five cm from LN2 had a freezing rate of -35-40°C/min, and 10 cm had one of
-29-32°C/min. Data is shown as mean ± SEM, and lowercase letters represent significance
between freezing rates per development stage. Images of development stages show (C) cleavage,
(D) neurulation, (E) hatching, and (F) metamorphosis.
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Figure 4

Post-thaw sperm viability

(A) Percentage of sperm viability pre- and post- cryopreservation. Lowercase letters indicate
significance between columns. (B) Percentage of sperm motility pre-and post- cryopreservation.
Lowercase letters represent significance between columns Sperm staining in Fowler’s toad
sperm using SYBR-14 and propidium iodide. (C) View from microscope used to measure
viability. Sperm that are stained green are live. Sperm that are stained red are dead. (D) Close-up
of a live sperm cell. (E) Close-up of a dead sperm cell.
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Figure 5

Presence or absence of mitochondria vesicle paired with motility

Percentage of motile sperm with the mitochondria vesicle, non-motile sperm with the
mitochondria vesicle, and non-motile sperm without the mitochondria vesicle (A) pre-freeze and
(B) post-thaw. (C) Sperm cell with the mitochondria vesicle present, as indicated by the arrow
and (D) sperm cell without the mitochondria vesicle, as indicated by the arrow.
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Figure 6

Pre-freeze and post-thaw abnormality rates

A) Percentage of sperm with abnormalities pre- and post- cryopreservation. Lowercase letters
indicate significance between columns. Images show the different types of abnormalities shown
in the graph, including (B) a normal sperm cell, (C) a sperm with both head and tail
abnormalities, (D) tail abnormality, and (E) head abnormality.
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CHAPTER III
APPLICATION OF CRYOPRESERVATION PROTOCOLS TO THREATENED AND
ENDANGERED ANURANS
Introduction
As the rate of amphibian extinction grows, more emphasis is being placed on zoos and
aquariums to maintain captive assurance colonies of endangered species (Kouba and Vance,
2009; Della Togna et al., 2020). Along with captive colonies, Species Survival Programs (SSP)
through the Association of Zoos and Aquariums (AZA) are used to manage populations and
conservation efforts for selected species. There are currently six amphibian species that have
their own SSPs: the Wyoming toad (Anaxyrus baxteri), Panamanian golden frog (Atelopus
zeteki), Houston toad (Anaxyrus houstonensis), Puerto Rican crested toad (Peltophryne lemur),
dusky gopher frog (Lithobates sevosus), and the hellbender salamander (Cryptobranchus
alleganiensis) (AZA, 2021). Captive colonies and SSPs are valuable tools for amphibian
conservation as they are attempts at mitigating the mounting population loss by increasing
breeding efforts and genetic variation for reintroduction (Lewis et al., 2019; Howell et al., 2020).
Population and genetic management of many SSPs rely on the relocation of individuals from the
wild to captive groups, which may be an unsustainable practice over the long-term for species
that are already experiencing dwindling wild population numbers (PRCT SSP, 2018; Burger et
al., 2021). In order to avoid removing reproductively viable individuals from the wild,
cryopreservation protocols are being developed that center on collecting sperm from wild
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individuals, freezing it, and transporting the sperm to captive colonies to bolster the genetic
variation (Swanson et al., 2007; Burger et al., 2021).
Amphibian assisted reproductive technologies (ART) are fertility techniques that are
applied to anuran and caudate species to increase the level of success in reproductive efforts
(Kouba & Vance 2009). Exogenous hormone treatment, cryopreservation, and in-vitro
fertilization are three tools in the ART toolbox that have been shown to be effective in producing
offspring of numerous species, including the critically endangered Puerto Rican crested toad
(Burger et al., 2021), Fowler’s toad (Poo & Hinkson, 2019; Burger, Chapter 1), Eastern tiger
salamander (Marcec, 2016), and dusky gopher frog (Langhorne, 2016). While using frozenthawed sperm to produce offspring has had minimal success in caudate species (Gillis, 2020),
there have been a number of successful reproductive events in anurans (Langhorne, 2016; Upton
et al., 2018; Poo & Hinkson, 2019). However, most of these events center primarily on collecting
and cryopreserving sperm from males already present in captive colonies and applying the sperm
to eggs collected from females in the captive colony. In order to increase the genetic variation of
captive colonies without having to relocate individuals from the wild to captivity, sperm can be
collected and cryopreserved from males in the field, transported back to the colony, and used in
IVFs with captive females or stored indefinitely (Swanson et al., 2007; Burger et al., 2021).
However, working in the field introduces a new array of challenges, including locating and
capturing animals, transporting the necessary equipment to and from the field, and organizing
volunteers and their schedules to assist in the field work, to name a few. Furthermore, attempting
to collect and cryopreserve sperm from threatened and endangered species without an established
protocol can lead to unusable collections, animal stress, and potentially animal death. In order to
avoid potential harm to the target species, a model species can be used to develop and refine
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cryopreservation protocols initially, followed by protocol transmission between animal groups in
captive colonies, and finally, applied to these species in the wild (Langhorne, 2016; Marcec,
2016; Poo & Hinkson, 2019).
While cryopreservation, followed by in-vitro fertilization, as a tool in ART has been
shown to be successful through the production of offspring, it still has significant detrimental
effects on sperm. Prior to the freezing process, sperm collected from live males following
hormone administration are metabolically activated upon leaving the cloaca, leading to a short
lifespan along with needing to be placed immediately in cold storage (Kouba and Vance 2009;
Langhorne et al., 2021). During the cryopreservation process, the sperm is deactivated once
mixed with the cryoprotective agent, and is reactivated when thawed and diluted. These shifts in
sperm activation cause a decline in sperm motility, especially forward progressive motility, at
each step (Kouba et al., 2003). According to a previous study, an average level of post-thaw
motility was approximately 24%, as compared to an 80% pre-freeze motility (Burger, Chapter 1).
Furthermore, the sperm morphology is affected during the cryopreservation process, which may
then affect fertilization success rates (Burger, Chapter 1). Despite these detrimental effects of the
freezing process, cryopreserving sperm for use in future reproductive events has still been
overwhelmingly successful in many species, producing 46 new offspring in Puerto Rican crested
toads (Burger et al., 2021), over 1300 in Fowler’s toads in one study (Burger, Chapter 1) and
1700 in another, and 43 northern leopard frogs (Poo & Hinkson, 2019).
Being able to transfer protocols between species is paramount for successful
conservation, as the likelihood of developing a protocol for each individual group is near
impossible. However, there are many established protocols that have shown a species-specific
effect, limiting the level of transference that can be applied. For example, many studies have
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determined that for exogenous hormone therapy, the concentration of the hormone as well as the
hormone administered can be species-specific for different ranid and bufonid species (Kouba et
al., 2009; Kouba et al., 2012; Silla et al., 2012; Della-Togna et al., 2017; Silla et al., 2019).
Furthermore, the optimum freezing rate for caudate and anuran species is different (Marcec,
2016; Gillis, 2020; Burger, Chapter 1). Despite this variation in hormone effects, studies have
also shown that certain protocols can be transferred across species, specifically in anurans
(Kouba et al., 2011; Poo & Hinkson, 2019), indicating that protocol transmission is possible. The
purpose of this study is transfer cryopreservation protocol from a model species to two
threatened and endangered species. Here, we apply results from a previous study using Fowler’s
toads as the model species to Houston toads and Puerto Rican crested toads. For the Fowler’s
toad study, we determined that a faster freezing rate of -32-45°C/min and a final concentration of
10% N,N-dimethylformamide (DMFA) produced the highest level of post-thaw sperm motility.
Therefore, we selected 10% Trehalose + 0.25% Bovine Serum Albumin (BSA) + 10% DMFA as
the final cryoprotectant solution and tested both freezing rates (-32 to -45°C/min and -20 to 29°C/min) to determine if the protocol developed for Fowler’s toads is applicable to other
endangered anurans.
Methods
Animals
Fowler’s toads were housed indoors at the Conservation Physiology Lab at Mississippi
State University. All individuals were housed in same-sex groups of two to six animals in 15gallon ventilated polycarbonate containers. Tanks were equipped with a hide, water reservoir,
and sphagnum moss and cleaned every other week. Individuals were kept at 20-23°C year-round
and fed a diet of gut-loaded crickets, mealworms, and Dubia roaches three times a week. All
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insects were dusted with a vitamin D supplement prior to feeding. Animal procedures were
approved by the Mississippi State University IACUC-19-345.
Puerto Rican crested toads at Fort Worth Zoo were housed in 15-gallon tanks in same-sex
groups of up to six individuals. Tanks were equipped with a raised false bottom and hiding
covers, and they were set to an incline that allowed for ~2 cm of reconstituted reverse osmosis
(R-R/O) water to pool at the bottom. Toad were maintained at a temperature gradient of 23.327.8°C year-round with a basking area of ~32.2°C and kept on a 12-hour light cycle. Individuals
were fed gut-loaded and vitamin dusted crickets three times a week and a pinkie mouse monthly.
Puerto Rican crested toads at North Carolina Zoo were housed in 22-gallon Cambro
polycarbonate containers with up to five individuals per tub. Tanks were fitted with hiding cover,
held on a similar incline to the Puerto Rican crested toads at Fort Worth, and flushed daily with
R-R/O water using an automated misting system. The holding room was kept at 24-27°C
throughout the year, and toads selected for breeding events were run through a 4-week cooling
cycle at 19°C. Toads were fed a mixture of invertebrates two to three times a week based on the
size and age of the animal. Crickets were dusted with a calcium carbonate supplement for each
feeding and with a vitamin supplement once a week.
Houston toads at Fort Worth Zoo were also housed in 15-gallon tubs with up to four,
same-sex individuals per tub. Tanks were equipped with a hide box and sphagnum moss, set on a
similar incline to the Puerto Rican crested toads, and flushed daily with R-R/O water. To mimic
natural hibernation conditions in the wild, Houston toads were housed at lower temperatures
from October to January (as low as 13°C) and at 28°C for the remainder of the year. Adults were
fed a diet of crickets fed twice a week and waxworms fed once a week. Insects were gut-loaded
with Zeigler Monster diet (Ziegler Bros, Inc. Gardners, PA).
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Animal handling and gamete collection were authorized through IACUC #17-H001 at the
Fort Worth Zoo and the North Carolina Zoo Research Committee.
Hormone administration, sperm collection, and sperm analysis
To stimulate a spermiation response, Houston toad males (n = 20) at Fort Worth Zoo
were administered gonadotropin releasing hormone analog (GnRHa) or human chorionic
gonadotropin (hCG) as previously described in Langhorne (2016) and Julien et al. (2019), and
spermic urine was collected from 1 to 7 hours post-hormone administration. Puerto Rican
crested toad males at both Fort Worth Zoo (n = 9) and North Carolina Zoo (n = 10) were
administered 4 IU/g BW of hCG interperitoneally, and sperm collection from these males
occurred from 2 to 8 hours post-hormone administration. Following hormone administration,
individuals were placed in separate plastic tubs with approximately 2 cm of water for the
duration of sperm collection.
Spermic urine from males was collected by holding the individual over a petri dish until
urination occurred or applying a cloacal lavage to stimulate urination (Waggener & Carroll Jr.,
1998). Upon collection, spermic urine was immediately placed in a sterile 1.5 mL Eppendorf
tube, measured for volume, and stored at 4°C during analysis. Eppendorf tubes containing
spermic urine were placed in cold storage post-analysis for the duration of the collections.
At each collection point, sperm were analyzed immediately for the following parameters:
forward progressive motility (FPM; forward movement of the spermatozoa), non-progressive
motility (NPM; sperm exhibiting movement but not progressing forward), and non-motility
(NM; no movement). Total motility was calculated as the sum of NPM and FPM. The above
parameters were analyzed using an Olympus CX43 phase-contrast microscope. Twelve
microliters of spermic urine were placed under a 40x objective, and a sample of 100 random
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spermatozoa were counted. The parameters were recorded on a proportion basis (%).
Concentration was measured by inactivating the sperm at either a 1:1, 1:5, or 1:10 ratio of
spermic urine to a phosphate buffer solution (PBS), depending on sperm density. A tenmicroliter sample of this suspension was placed on a Neubaeur haemocytometer (Hausser
Scientific, Product #3200), and the sperm were counted. The total number of sperm in a sample
was measured by multiplying the final concentration by the volume of the sample.
Cryopreservation, thawing, and post-thaw analysis
After the final collection, spermic urine from each individual at each time point was
reanalyzed to determine the samples with the highest sperm motility for cryopreservation. If an
individual collection point had enough volume for multiple treatment aliquots (>500 µL) with
>50%, the spermic urine was frozen independently. If there were multiple time points of similar
motility, yet low volume, the spermic urine from each time point were pooled together to have
enough of a sample for treatment comparisons. In addition to the motility criterion for freezing
(>50%), sperm concentrations had to be ≥ 0.8 x 106 mL-1 to be selected for freezing. After this
analysis, sperm were divided into 100 µL aliquots and combined in a 1:1 ratio with a
cryoprotectant for a final concentration of 10% Trehalose + 0.25% BSA + 10% DMFA. This
cryoprotectant was chosen using the optimum protocol determined by the Fowler’s toad model
study. Ten percent DMFA led to, on average, a higher post-thaw motility rate than the other
cryoprotectants (5% DMFA & 10% DMSO). Once combined, the 200 µL cryosuspension was
loaded into 0.25 mL plastic freezing straws (Minitube International®, Germany) and sealed with
Critoseal® (Leica Biosystems, IL, USA). The preparation of the straws took place on an ice pack
in order to keep the cryosuspensions at ~ 4°C throughout the process. Sperm were then frozen
using two freezing rates tested in the Fowler’s toad model study: straws held at 5 cm above
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liquid nitrogen (LN2) prior to plunging (-32 to -45°C/min) or at 10 cm above LN2 prior to
plunging (-20 to -29°C/min). Straws were frozen using a Styrofoam box (21 x 16.5 x 20.5 cm)
with racks set up at 5 cm and 10 cm above a 5 cm depth of LN2. For both freezing treatments,
straws were placed on the rack situated at the designated height and left in LN2 vapor for ten
minutes, followed by submersion in the LN2. After equilibration in the liquid, straws were
removed and loaded into a goblet and immediately transferred to a CX100 Vapor Cryogenic
Shipper [Worthington Industries, AL, USA]. Frozen sperm from select Houston toads were used
for IVFs at Fort Worth Zoo, and the rest of the cryopreserved sperm from Houston toads and
Puerto Rican crested toads were transferred to the National Amphibian Genome Bank at
Mississippi State University.
Spermic samples from 5 Puerto Rican crested toads from the Fort Worth Zoo, 7 Puerto
Rican crested toads from the North Carolina, and 8 Houston toads were selected for post-thaw
analysis to determine the effects of cryopreservation on sperm motility. Selected straws were
individually removed from the cryopreservation tank and submerged in a 40°C water bath until
all ice crystals melted (~5 seconds). The contents of the straw were expelled onto a plastic petri
dish and reactivated at a 1:10 ratio of cryosuspension to embryo transfer water. Sperm were
immediately analyzed for the same motility parameters described above (NPM, FPM, TM, and
NM) to determine the effects of cryopreservation and freezing rate on sperm motility. Both
absolute motility and relative motility measurements were recorded for post-thaw samples.
Absolute motility is the raw measurement of post-thaw motility data counted during analysis,
and relative motility is the ratio of absolute sperm motility post-thaw to pre-freeze sperm
motility. Relative motility considers the pre-freeze motility of the sample and adjusts the final
value to represent how much sperm motility was recovered post-thaw.
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In-vitro fertilization
Three female Houston toads at Fort Worth Zoo were selected for in-vitro fertilization
based on genetic pairings with males that had sperm cryopreserved. Females were administered a
cocktail of 500 IU hCG + 16 ug GnRHa to stimulate oogenesis and oviposition. One of the three
Houston toad females selected for IVF spontaneously laid overnight, so the eggs could not be
used. The other two females had eggs expressed approximately 12 hours post-hormone
administration, as described in Bronson and Vance (2019). Once expressed, the eggs were
separated into groups of 100-400 and placed in deep petri dishes. While the eggs were being
separated, random straws from specific males at each freezing rate were thawed one at a time
following the thawing procedures described above. Sperm were immediately analyzed for postthaw motility and gently pipetted over the eggs in 100 µL increments. After five minutes of dry
fertilization, the dishes were flooded with R-R/O and labeled with the female ID (Studbook #’s
211786, 210232) male ID (Studbook #’s 211210, 209927, 211954), freezing rate (-20 to 29°C/min or -32-45°C/min), date, and time. Embryos were monitored to determine the number
of individuals to reach Gosner stages 3 (cleavage), 13 (neurula), and 20 (hatched) (Gosner,
1960). Once individuals reached Gosner stage 20, they were relocated to 15-gallon plastic
containers and given a thorough water change.
Statistical analysis
We used a Generalized Additive Model for Location Scale and Shape (GAMLSS) test
with a beta distribution to measure the effect of freezing rate on post-thaw motility for the Puerto
Rican crested toad and Houston toad, where freezing rate was a fixed effect and individual male
was a random effect. We used a Linear Mixed Effects Model (LMER) to determine if there was
any significant variation in post-thaw motility between the model species (Fowler’s toads),
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Puerto Rican crested toads, and Houston toads separated by freezing rate, where the species was
a fixed effect and the individual male within the species was a random effect. While both relative
and absolutely motility were collected, all analyses were run using relative post-thaw sperm
motility. We assessed conformity to model assumptions using a Shapiro-Wilk Test, visual
inspection of residual plots, and Levene’s Test for homogeneity in variance. Statistical
significance was set at 0.05, and all data was analyzed in RStudio with R version 4.0.2.
Results
In Houston toads, no sperm was present in urine from any individual prior to hormone
administration. Average weight across all 20 males was 451 grams. Ninety-five percent (19/20)
of males responded to the hormone treatment, with peaks in concentration from 4-7 hours posthormone administration and peaks in total motility from 3-5 hours post-hormone administration.
Total motility averaged at 60  4%, and concentration averaged at 3  0.6 x 106 sperm/mL across
all collection points.
We did not find any significant difference (df=10, t=1.8, p=0.09) between sperm frozen
at 5 cm (-32 to -45°C/min) or 10 cm (-20 to -29°C/min) above LN2 for relative post-thaw total
sperm motility of Houston toads. However, on average, sperm frozen at 5 cm produced a higher
post-thaw FPM and TM than sperm frozen at 10 cm (FPM: 72% vs 51%; TM: 325% vs
274%, respectively) (Figure 8A). Relative post-thaw motility for sperm frozen at 5 cm ranged
from 11-51%, and sperm frozen at 10 cm ranged from 1–36%.
Frozen sperm from three Houston toad males were selected for IVFs with the two
females. One female laid a limited number of eggs (n=1256) and while some did develop to the
cleavage stage (n≥4), none developed past that. Based on the limited development of the fresh
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sperm used to serve as a control, we decided that the eggs produced by this female were of low
quality, and the lack of fertilization was not a representation of sperm quality. The second female
responded better to egg expression and laid almost 5000 eggs that were fertilized with frozen
sperm. There was a total of 234 embryos that cleaved, 90 that reached the neurula stage, and 13
that hatched. When separated by cryopreservation treatment, sperm frozen at 5 cm were placed
on 3043 eggs. Five percent (n=169) of these eggs developed to the cleavage stage, and out of
these embryos, 35% (n=60) continued on to neurulation and 7% (n=12) hatched. Sperm frozen at
10 cm were placed on 1755 eggs, and 4% (n=65) of these eggs developed to cleavage. Out of
these embryos, 46% (n=30) continued on to neurulation and 2% (n=1) hatched (Table 4).
In Puerto Rican crested toads, no sperm was present in urine from any individuals prior to
hormone administration. For individuals housed at the Fort Worth Zoo, average weight across
males was 313 grams, and 100% of individuals responded to hormone treatment. On average,
concentration of sperm increased at each collection point, peaking at the last collection (8 hours),
and ranged from 0.02–29 x 106 sperm/mL. FPM and TM peaked at 4 hours, then steadily
declined, reaching its lowest motility at T8 (Figure 7C-D). FPM ranged from 0-88%, and TM
ranged from 0-98%. For individuals housed at the North Carolina Zoo, average weight across
males was 384 grams, and 70% of individuals responded to the hormone treatment. FPM and
TM averaged at 606% and 931%, respectively, and concentration was 3.60.9 x 106
sperm/mL. FPM, TM, and concentration ranged between 19-83%, 85-98%, and 0.2-11 x 106
sperm/mL, respectively.
We did not find any significant difference (df=14, t=2.1, p=0.05) between sperm frozen
at 5 cm (-32 to -45°C/min) or 10 cm (-20 to -29°C/min) above LN2 for relative post-thaw total
sperm motility of Puerto Rican crested toads. However, on average, sperm frozen at 5 cm
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produced a higher post-thaw TM than sperm frozen at 10 cm (324% vs 274%, respectively).
Relative post-thaw motility for sperm frozen at 5 cm and 10 cm ranged from 12–31% and 6–
35%, respectively. Furthermore, the faster freezing rate, on average, led to a higher recovered
FPM (41%) than the slower rate (31%) (Figure 8B).
In analyzing the variation of post-thaw sperm motility between species, we found that
there were no significant differences in motility at either 5 (t>0.05, p>0.06) or 10 cm (t>0.04;
p>0.5). Collected post-thaw motility for sperm frozen at 5 cm for A. fowleri, A. houstonensis,
and P. lemur was 30±3%, 32±5%, and 32±4%, respectively. Post-thaw motility for sperm frozen
at 10 cm was 23±2%, 27±4% and 27±4%, respectively. These results indicate that the effect of
different freezing rates on motility could be consistent across multiple species.
Discussion
Using protocols developed in Fowler’s toads, this study successfully cryopreserved
sperm from both Houston toads and Puerto Rican crested toads and recovered a high enough
level of post-thaw motility to successfully produce Houston toad offspring. These toadlets are the
first ever Houston toads to be produced through IVF using cryopreserved sperm collected
through exogenous hormone therapy. Furthermore, these toadlets were produced using the
female that had been exposed to chlamydia, indicating that even though physical pairing with a
male isn’t possible, gametes can still be collected and used for reproductive events through IVF,
preserving the genetics to be passed down to future generations.
In this study, we show the potential for cryopreservation protocol transmission between a
model species (Fowler’s toads) and two threatened and endangered species, further supporting
studies that have found similar results (Kouba et al., 2011; Langhorne, 2016; Marcec, 2016; Poo
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& Hinkson, 2019). While no significance was detected between the freezing rates for either
Houston toads or Puerto Rican crested toads, the faster freezing rate, on average, produced
higher levels of post-thaw sperm motility than the slower freezing rate for both species, which
matches the results found in the Fowler’s toads. This result is different from other studies that
have looked at how freezing rate affects sperm motility. These studies found that slower freezing
rates (-5 to -10°C/min) lead to higher post-thaw motility than faster rates (~40°C/min; Browne et
al., 1998; Mansour et al., 2010). However, it is probable that faster freezing rates work for some
species, while slower freezing rates work for others. For example, Gillis (2020) determined that
for Ambystoma tigrinum, sperm frozen at 5 cm above LN2 yielded very low post-thaw motility
(0–2.5%) while sperm at 10 cm had a higher level of recovery (25–58%). This study also
successfully applied ART protocols developed using a model species (Ambystoma trigrinum) to
two threatened newt species, further supporting the idea that protocols can be transferred
between species.
While one of the goals of the IVFs in Houston toads was to determine if freezing rate had
an effect on fertilization and development rates, other factors limited the confidence behind the
results we obtained. The current results show that eggs fertilized with sperm frozen at 10 cm
produced, on average, higher rates of neurulation than sperm frozen at 5 cm, but lower rates of
cleavage and hatching. However, a high number of individuals stopped developing past
neurulation. While a loss of individuals at each development stage is expected (Browne et al.,
2006; Uteshev et al., 2015; Langhorne, 2016; Marcec, 2016; Upton et al., 2018), this level of
decline presents a separate problem. Based on this decline, we would typically conclude that
there may be a morphological issue with the sperm used to fertilize the eggs. However, due to
the lack of developmental progression of the fresh controls, we determined that the limiting
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factor was that the unfertilized eggs began to dissolve before we were able to separate the
neurulas. These dissolving eggs contaminated the water the developing embryos were stored in
and limited the level of development that progressed, so much so that out of the 13 individuals
that hatched, only 2 metamorphosed into toadlets (Figure 9). Despite this loss in individuals, the
importance behind these two toadlets cannot be understated. Not only are they the first Houston
toads produced through IVF using cryopreserved sperm, but they are also the offspring of a
diseased female. This female had been exposed to chlamydia, so to limit the spread of disease,
this female was housed alone and could not be used for any natural breeding attempts. Our
success in producing offspring with eggs collected from this female and frozen sperm of a male
shows that even diseased animals can be used in bolstering the genetic variation as well as
overall population number of species.
Limitations of this study are our small sample size and the IVF error described above. A
larger sample size would allow for a more definite result as to the optimum freezing rate.
However, as mentioned earlier, the number of straws that can be thawed per individual is limited
based on how many need to remain in the genetic resource bank. Regardless of this limitation,
we still observed a higher post-thaw total motility recovered from sperm frozen 5 cm above LN2,
or a freezing rate of -32 to -45°C/min. As sperm from more individuals is collected and
cryopreserved, this sample size can grow as well, and we may obtain a more definitive response
to freezing treatments and the likelihood of protocol transmission. Therefore, future studies
should look at building sample sizes of Puerto Rican crested toads and Houston toads stored in
the genetic resource bank and applying these freezing treatments to other bufonid species to
further determine the level of transmission in cryopreservation protocol between groups. Along
with measuring post-thaw sperm motility, determining the effect of freezing rate on embryo
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development is imperative for strengthening the application of these conservation protocols.
While we did produce Houston toad metamorphs in this study, the level of error in the IVF
process makes it impossible to determine the true effect of freezing rate on development.
Repeating this measure in Houston toads as well as other species will show which protocols are
more effective in the long-term and solidify the importance behind developing and establishing
specific practices in amphibian conservation.
The establishment of captive assurance colonies and SSPs, while invaluable methods of
species conservation, are not enough to counteract the current amphibian extinction crisis. As
the rate of extinction increases, the importance behind developing and applying assisted
reproductive technologies to imperiled species grows exponentially, with a focus on
cryopreserving sperm from wild individuals. Developing these technologies in model species
then applying them to individuals in captive colonies will not only establish the possibility of
protocol transmission, but also lead to the application of these protocols to species in the wild.
Collecting and cryopreserving sperm from wild individuals limits the number of animals that
need to be physically transported to captive colonies and instead focuses on transporting just the
animal’s gametes. These gametes can then be used for reproductive events using females in
captive colonies or can be stored indefinitely in a resource bank. This study is one step closer to
making this transference of just gametes a reality. Cryopreservation protocols developed in
Fowler’s toads were applied to Puerto Rican crested toads and Houston toads, and while there
was no significant difference between the freezing treatments, similar trends were found between
all three species, with the faster freezing rate outproducing the slower one. Once more
individuals are added to this sample size and other species are added to the overall analysis, these
practices can then be applied to wild populations, with the overarching goal of linking in-situ and
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ex-situ populations of imperiled amphibians with hopes of stabilizing or reversing the effects of
the extinction crisis on our dwindling amphibian populations.
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Table 4

Summary table of Houston toad in-vitro fertilization

Male Female

1

2

3

Height
(cm)

Eggs

Cleavage
(%)

Neurula
(%)

Hatched
(%)

5

1181

82 (7)

33 (40)

8 (10)

10

783

15 (2)

15 (100)

1 (7)

5

649

32 (5)

17 (53)

4 (13)

0

10

445

10 (2)

10 (100)

0

0

5

1213

55 (5)

10 (18)

0

0

10

527

45 (9)

5 (11)

0

0

4798

239 (5)

90 (2)

13 (0.3)

2 (0.04)

1

Metamorph
(%)
2 (2)

1

1
Total

Fertilization, embryo, larvae, and metamorph development results following IVF with frozenthawed Houston toad sperm. Cleavage development rate is shown as the percentage of eggs
fertilized. Neurula, hatched, and metamorph development rates shown as percentage of cleaved
embryos. Studbook numbers for males 1, 2, and 3 are 211210, 209927, and 211954, respectively.
Studbook number for female 1 is 210232.
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Figure 7

Variation in motility and concentration of Houston toads and Puerto Rican crested
toads

(A) Percent of Houston toad forward progressive motility (FPM) and total motility (TM) per
hour. (B) Concentration of Houston toad sperm per hour. (C) Percent of Puerto Rican
crested toad FPM and TM per hour. (D) Concentration of Puerto Rican crested toad
sperm per hour.
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Figure 8

The effect of freezing rate on motility in Houston toads and Puerto Rican crested
toads

Relative total and forward progressive sperm motility for Houston toad (A) and Puerto Rican
crested toad (B) sperm collected pre- and post-thaw. Data for 5 and 10 cm represent relative
motility while fresh sperm shows absolute motility. Relative motility is found as the proportion
of post-thaw motile sperm out of pre-freeze motile sperm. Different letters indicate significance
within figures. Data shown as mean  SEM.
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Figure 9

Houston toad toadlets

Metamorphosed Houston toadlets produced using cryopreserved sperm and embryos from a
female with chlamydia which was not permitted to physically be in contact with a male for
breeding.
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CHAPTER IV
LINKING IN-SITU AND EX-SITU POPULATIONS OF THREATENED AMPHIBIANS
THROUGH GENOME BANKING
Introduction
The Puerto Rican crested toad (Peltophryne lemur; PRCT) is a critically endangered species
native to the northern and southern coasts of Puerto Rico. While once abundant, only two viable
populations on the southern coast remain due to population decline from habitat loss, extreme
weather events, invasive species, and disease, with the northern population believed to be
completely extirpated (Barber, 2008; D. Barber, personal communication, 2020). Consequently,
genetic variation is waning rapidly, jeopardizing the possibility of a self-sustaining wild
population under current conditions (Beauclerc, 2010). In order to reverse this trend, zoological
institutions throughout the United States have collaborated under the Puerto Rican crested toad
Species Survival Plan (SSP) to reintroduce tadpoles and toadlets back into their native ranges
(USFWS, 2012; Barber, 2017), with more than 556,000 having been released as of 2020 (D.
Barber, personal communication). This reintroduction program relies on captive breeding
institutions to annually produce animals, and although wild population numbers are increasing,
they have not yet become self-sustaining or grown to the point of de-listing the species.
Unfortunately, the genetic variation and sustainability of the captive population is also
dwindling, meaning zoological institutions are releasing less gene diversity into
reintroduced/repatriated populations.
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PRCTs are distributed across 30 Association of Zoos and Aquariums (AZA) accredited
institutions, housing 1,302 individuals descended from 48 founders. As of 2018, the entire
captive population is maintained at a level of 96.98% genetic diversity (Table 5). The SSP
predicts this level of genetic diversity will hold under current rates of population growth and
continued import and release of individuals. However, the SSP also shows that only 16 of the 48
founders are actively contributing to the captive population’s gene pool, with disproportionate
gene representation in offspring (Table 5). Hence, while population growth may be high, the
gene diversity is waning and unsustainable long-term. The SSP imports 10-20 founders every 4-8
years, with projections indicating that a minimum of 2 individuals imported every 4 years will
maintain genetic diversity at 90% (Table 5). However, with one wild population fluctuating
drastically per breeding event and the other population estimate being unknown, this current
level of import may not be sustainable in the long term. If in-situ and ex-situ populations are
linked via biobanking, high levels of genetic diversity are still achievable without animal
removal.
While maintaining assurance colonies has become necessary for many threatened and
endangered species, many complications arise threatening captive gene diversity. Reductions in
population size, loss of fitness, genetic adaptation to captive settings, inbreeding depression, and
reduction

of genetic variation all result from housing endangered species over many generations,

threatening success of future reintroduction efforts (Frankham 2008; Robert et al., 2009;
Frankham et al., 2010; Howell et al., 2020). To offset these challenges, relocating wild caught
individuals into captivity has been a means to supplement dwindling founder stock in captive
colonies (Gagliardo et al., 2008; Beauclerc et al., 2010; Swanson et al., 2007). However, the
removal of threatened individuals decreases natural breeding potential within the wild
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population, which is already at an unsustainable level. Furthermore, limited space and resources
in zoological institutions dictates the number of individuals, as well as the number of species,
that can be housed (Bishop et al., 2012; Howell et al., 2020). If gametes from live wild adult
PRCTs could be removed, banked, and incorporated into the captive population through mixed
wild:captive pairings, a new method of genetic management for threatened and endangered
amphibian species could be developed, with the PRCTs serving as a model. Thus, linking in-situ
and ex-situ populations through biobanking could be paramount to maintaining both high levels
of genetic diversity along with sustainable population sizes in both groups (Ryder 1995; Wildt &
Roth 1997; Swanson et al., 2007; Howell et al., 2020).
Amphibian Reproductive Technologies (ARTs) are typically used to intervene when
animals fail to naturally reproduce and include procedures such as hormone therapy, in-vitro
fertilization (IVF), and gamete cryopreservation (Kouba & Vance, 2009; Kouba et al., 2012a;
Clulow et al., 2014). Historically, the primary means of sperm collection from male amphibians
was through euthanasia and removal of the testes to create a macerate solution, which could be
spread across eggs for IVF (Browne et al, 1998; Shishova et al, 2011; Upton et al., 2018).
However, sperm collection from sacrificed animals is counterproductive to the maintenance of
founder lines of endangered species. Another more sustainable method of sperm collection uses
exogenous hormones to stimulate natural recruitment and release of spermatozoa (Kouba &
Vance, 2009; Kouba et al., 2009). Thus, sperm can be collected from live individuals following
hormone therapy and used in IVF to produce new offspring or stored long-term.
Genetic resource banks store cryopreserved sperm for an indefinite period of time.
Frozen sperm can then be used in reproductive efforts to introduce old founder lines, new genetic
variation, and build population numbers (Browne et al., 2011; Kouba et al., 2013; Howell et al.,
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2020). Thus far, cryopreservation has been used mainly in laboratory settings to store gametes of
captive individuals held in assurance colonies (Browne et al., 1998; Shishova et al., 2011; Poo et
al., 2019). However, cryopreservation protocols are now being developed to collect and freeze
sperm from wild amphibians and incorporate the sperm through IVF into the captive collection
for increased genetic variation instead of removing reproductively viable individuals.
Unfortunately, cryopreserving sperm in the field comes with a new array of challenges in
managing equipment, personnel, and regulatory compliance. Here we overcome these challenges
and highlight how ART and cryopreservation technologies can establish genetic linkages
between in-situ and ex-situ amphibian populations to produce new individuals through diverse
genetic crosses.
The purpose of this study was to develop a protocol for linking in-situ and ex-situ
populations of the Puerto Rican crested toad by biobanking exogenously induced sperm from
wild males and conducting IVF, rather than live animal incorporation. The Conservation
Physiology Lab at Mississippi State University partnered with Fort Worth Zoo (FWZ), the
Puerto Rican Department of Natural and Environmental Resources (PRDNER), and the US Fish
and Wildlife Service (USFWS) to induce, collect, and evaluate sperm from wild PRCT males;
cryopreserve and transfer that sperm to the National Amphibian Genome Resource Bank for
long-term storage; and create unique genetic pairings by hormonally-inducing captive females
and conducting IVF using the biobanked sperm of wild males.
Methods
Animals
Male PRCTs were collected in June 2018 from Guayanilla, Puerto Rico, which represents a
newly discovered site and a source of underrepresented genes for the captive population, as only
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a few animals have been imported from this location in 2012 and 2014. Males were located at
night and collected from the surface of karst formations or coerced out by simulating rainfall
with misters (Figure 10). Once collected, males were held in soil-filled terrariums for no longer
than 24 hours. Prior to hormone administration, male toads were transferred to individual plastic
tubs with 1-2 cm water for the duration of sperm collection to encourage urine production.
Animal collection was authorized through the FWZ-USFWS permit #TE121400-7 and covered
under IACUC #17-H001 at FWZ.
Female PRCTs at FWZ were housed (n=6) in 15-gallon tanks equipped with a meshwrapped eggcrate, raised false bottom, and a 25 x 15 cm hiding cover. Tanks were inclined to
allow for a ~2cm pool of reconstituted reverse osmosis (R-R/O) water, creating a 1:4 water to
land ratio. Adult toads were kept on a 12-hour light cycle year-round, with a temperature
gradient of 23.3- 27.8°C and basking areas at ~32.2°C. Adults were fed gut-loaded and vitamin
dusted crickets 3x weekly and a pinkie-mouse monthly.
Hormone administration and ultrasound analysis
Field caught males (n=10) were administered hormones as a cocktail of 10 IU/g body
weight (BW) of human chorionic gonadotropin (hCG) + 0.4 g/g BW of luteinizing hormone
releasing hormone analog (GnRHa) intraperitoneally (n=7), or as a single 10 g dose of GnRHa
given nasally (n=3) as described by Julien et al. (2019). Similarly, fresh sperm was also collected
from males (n=3) located at FWZ as a control for egg quality when conducting IVF with frozen
sperm.
Ultrasonography was used to assess gravidity of female toads (n=3) located at FWZ for
hormone induced ovulation and spawning. Ovarian development stages for PRCTs are shown in
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Figure 11. Only females with mature oocytes at an ultrasound grade 3 were administered the 0.4
g/g BW GnRHa in order to induce ovulation and egg laying (Graham et al., 2018; Bronson &
Vance, 2019).
Sperm collection, analysis, and cryopreservation
Spermic urine samples were collected from male toads at 1, 2, 3, 5, and 7 hours posthormone administration by holding the individual over a petri dish until urination occurred.
Samples were immediately analyzed for sperm motility, quality, and concentration with an
Olympus CX43 phase contrast microscope. Sperm motility was categorized as forward
progressive motile (FPM, flagellar induced forward motion); non-progressive motile (NPM,
undulating flagellum without forward propulsion); and non-motile (NM). Total motility was
calculated as the sum of FPM and NPM sperm. Concentration was determined using a
haemocytometer (Hausser Scientific #3200). Sperm was then stored in an ice slurry (~0-4°C)
until all samples were collected and ready for the cryopreservation process, or used as fresh
controls on site at FWZ.
After pre-freeze analysis, spermic urine was reanalyzed, pooled (if volume for one
sample was <400 L), separated into 100 L aliquots, and mixed in a 1:1 ratio with 20%
trehalose stock solution and either 20% N, N-dimethylformamide (DMFA) or 20% dimethyl
sulfoxide (DMSO) for a final concentration of 10%. Once prepared, the 200 L cryosuspension
was loaded into 0.25 mL freezing straws [Minitube International, Germany] and placed on a
freezing rack situated 10 cm above a 5 cm depth of liquid nitrogen (LN2) in a styrofoam freezing
box (21cm L x 16.5cm W x 20.5cm H). Straws were equilibrated in LN2 vapor for ten minutes
with an initial freezing rate of -37.64°C/min, then plunged into LN2, and transferred to a CX100
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Vapor Cryogenic Shipper [Worthington Industries, AL, USA]. Cryopreserved sperm was
transferred by air courier to the National Amphibian Genome Resource Bank at Mississippi State
University, prior to the subsequent IVF trials at FWZ one year later.
In-vitro fertilization
Of the 3 females chosen for IVF at FWZ, 1 female spontaneously laid overnight after
hormone treatment, and the eggs could not be used. At approximately 12-24 hours post-hormone
administration, females were gently squeezed to encourage egg expression as described in
Bronson and Vance (2019). Once the females started spawning, approximately 100-200 eggs
were expressed into separate petri dishes. Random straws from specific males were removed
from the dry shipper and thawed by submerging in a 40°C water bath for 5 seconds. Once
thawed, sperm were combined in a 1:10 ratio with distilled reactivation water (e.g., 10 L
cryosuspension to 90 L sterile embryo transfer water; Sigma #W1503, Kouba et al. 2003).
Sperm was immediately analyzed for post-thaw motility and quality and placed on the eggs for
IVF. After 5 minutes of dry fertilization, the petri dishes were flooded with water and set aside.
Embryos were monitored under a dissecting microscope at Gosner stages 3 (cleavage), 13
(neurula), 20 (hatched), and 46 (complete metamorphosis) (Gosner, 1960).
Once tadpoles reached Gosner stage 20, undeveloped eggs were removed, and tadpoles
were relocated to 56-liter tanks with submersible plastic plants and kept separate according to
genetic pairing structures. Water was continuously filtered and oxygenated by a raised 5 cm
standpipe fed by a recirculating system. Water changes were done 3 times daily until all
individuals fully metamorphosed. Water tank levels were decreased to approximately 8 cm once
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larvae developed front legs to prevent drowning and encourage metamorphosis transition to dry
land. Tadpoles were fed Tetramin flake food, algae wafers, and spinach daily.
Statistical analysis
We conducted a preliminary exploratory one-way analysis of variance (ANOVA) to
determine if individuals had an effect on pre-freeze and post-thaw sperm motility. No significant
differences were found for pre-freeze sperm motility (df=5, F=2.9, p=0.08), so data were
combined for analysis. There was a significant difference between males in post-thaw sperm
motility (df=5, F=3.2, p=0.03), so individual ID was included as a random effect in the analysis
of post-thaw sperm to account for the variation. Comparisons between pre-freeze and post-thaw
total motility were analyzed using a paired Wilcoxon Signed-Rank test. Post-thaw sperm motility
differences between cryoprotectants (DMFA and DMSO) were analyzed using a Mann-Whitney
U test. We used a Generalized Additive Model for Location Scale and Shape (GAMLSS) test
with a zero-inflated beta distribution to measure the effect of time of collection on pre-freeze
motility, where time points were fixed effects and individual male was a random effect.
Differences in development rates between sperm type (frozen-thawed vs. fresh) for cleaved eggs,
neurulation, tadpole, and metamorphosis development following IVF were analyzed using
Mann-Whitney U tests. Neurulation, tadpole, and metamorphosis development rates were
expressed as a percentage of cleaved embryos, not the number of eggs. We assessed conformity
to model assumptions using a Shapiro-Wilk Test, visual inspection of residual plots, and
Levene’s Test for homogeneity in variance. Effect size was determined using Cohen’s d.
Statistical significance was set at 0.05, and all data was analyzed in RStudio with R version
4.0.2.
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Results
No sperm was present in urine from any individual prior to giving hormones, and 9/10
responded to the treatment, with only two producing spermic urine at every time point (T1, T2,
T3, T5, and T7). Variation in the number of males represented at each time point reflects missing
urine collections. Occasionally, the males would urinate in the holding container prior to being
restrained for collection.
Total sperm motility was high for the first four collection time points (T1-T5) and ranged
between 6116% and 707%, yet began to decrease at T7 (4114%; Figure 12A). We found a
significant difference in sperm motility between T7 and all other time points (df=11, t=2.5,
p=0.02), but there was no difference in motility between T1 (df=11, t=2.0, p=0.06), T2 (df=11,
t=0.49, p=0.63), T3 (df=11, t=0.13, p=0.90), and T5 (df=11, t=0.49, p=0.63; Figure 12A).
Average sperm FPM was 454%, and average NPM was 354%. Total sperm motility ranged
from 34-93% and averaged 615% across all individuals. Average volume of spermic urine
collected per male, across the entire collection period, was 2.20.3 mL.
Of the nine males that produced spermic urine, samples from eight were selected for
cryopreservation. A total of 93 straws were cryopreserved, with 68 frozen in DMFA,
representing eight males, and 25 frozen in DMSO, representing six males (Table 6). Average
pre-freeze motility of sperm frozen with DMFA and DMSO was 675% and 715%,
respectively. For post-thaw analysis, sperm were thawed from six males for the DMFA treatment
and four males for the DMSO treatment. Average post-thaw sperm motility was 283% for
sperm frozen with DMFA and 255% for sperm frozen with DMSO (Figure 12B). The two
cryoprotectants yielded similar total sperm motility post-thaw (df=8, p=0.59, d=0.75).
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Post-thaw sperm data were pooled across CPAs for analysis. Fresh sperm had a
significantly higher (df=5, p=0.03, d=2.24) total motility (713%) than post-thaw sperm
(273%), yet post-thaw sperm still maintained over one-third of the total motility that was
initially frozen (Figure 12C). Fresh sperm motility ranged from 48-90% with no significant
difference found in total motility between individuals. Post-thaw sperm motility ranged from 060%. We did find a significant difference in post-thaw sperm motility between Toad 5 and Toad
4 (df=5, F=3.2, p=0.04), Toad 6 (df=5, F=3.2, p=0.04), and Toad 7 (df=5, F=3.2, p=0.03), but
not the other individuals (Figure 12C). This variation could be caused by the low sample size of
straw replicates.
For the IVF experiments, 9672 eggs were used between cryopreserved and fresh sperm.
Eggs fertilized with frozen-thawed sperm and fresh sperm produced a total of 306 (4%) and 525
(19%) cleaved embryos, respectively (Table 7). There was no significant difference found
between frozen-thawed or fresh sperm on the rate of cleavage (frozen: 52%, fresh: 178%,
df=11, p=0.44, d=0.63). A high rate of neurulation was found from cleaved eggs using frozenthawed sperm (49%) and fresh sperm (76%), suggesting that fertilized embryos have a high
probability of advancing through development. Ultimately, IVFs using frozen-thawed sperm
produced 46 toadlets, compared to 140 toadlets produced by fresh sperm. This data shows that
frozen sperm was able to produce at least one-third the number of metamorphs as fresh sperm
(Table 7). Overall, we also did not find any significant differences in neurulation (frozen:
6315%, fresh: 5122%, df=11, p=0.70, d=0.24), hatching (frozen: 238%, fresh: 3218%,
df=11, p=0.82, d=0.22), or metamorphosis (frozen: 168%, fresh: 157%, df=11, p=0.94,
d=0.09) rates for tadpoles derived from fresh vs. frozen sperm (Table 7).
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Toadlets produced from this study were head-started at FWZ and released to the wild at
4.5 months of age. Fourteen toadlets produced from frozen-thawed sperm and 92 toadlets
produced from fresh sperm were released in Puerto Rico by USFWS in November 2019. As of
February 2021, 24 adult toads produced from frozen-thawed sperm and 21 adult toads from fresh
sperm are still living after 1.5 years in the captive assurance colony. These individuals have been
retained for genetic management and future breeding efforts. One of the males produced by
cryopreserved sperm has now produced another F2 generation of offspring with 5,085 tadpoles
released, indicating these animals are reproductively viable.
Discussion
In this study, we report the first production of endangered PRCT offspring using frozenthawed sperm collected and cryopreserved through the use of exogenous hormone therapy from
live animals. Furthermore, this is the first study to link in-situ and ex-situ amphibian populations
using assisted reproductive technologies to enhance genetic management and population
stability. In total, these reproductive techniques led to the production of 46 offspring, 14 of
which were released back into Puerto Rico. These released individuals may breed naturally with
other PRCTs in the wild, increasing population numbers as well as genetic variation of this
metapopulation. The importance of these results toward conservation management can’t be
understated, especially for threatened amphibian species in the wild, which are constantly under
demographic and environmental stochasticity. For instance, the karst formation where the males
for this study were collected collapsed following a series of earthquakes in 2020, leading to the
status of the PRCTs in that area being unknown for approximately a year. Fortunately, USFWS
were able to locate PRCTs in early 2021, indicating that they are still able to use the karst
formation regardless of the collapse (C. Pacheco, personal communication, 2021). Nevertheless,
84

events like these could potentially eradicate the few remaining populations on the island, which
for the PRCT, could be the end of the species.
If population numbers of wild and captive PRCTs decline, the likelihood for inbreeding,
loss of fitness, and loss of genetic variation increases (Frankham 2008; Robert 2009; Frankham
et al., 2010). In order to reverse these effects, three strategies can be applied to transfer genetics
from the wild to captive colonies (Table 5). The first two strategies require the removal of adults
or tadpoles from the wild to be transferred to the assurance colonies. However, the northern wild
PRCT is now believed extirpated (D. Barber, personal communication) and environmental
threats to the southern wild population are increasing, meaning these two strategies may not be
successful long-term. The third strategy, on the other hand, applies exogenous hormone therapy
and cryopreservation to collect and transfer gametes from wild individuals to the captive
collection (Table 5). These gametes can then be used in reproductive efforts to increase
population numbers and potentially introduce new genetic variation into the assurance
population, while allowing reproductively viable individuals to remain in the wild. This strategy
has been applied to mammals and has led to the successful production of genetically diverse
offspring (Wildt et al., 1997), and it has now been successfully applied to amphibians as well.
This study focused primarily on the third strategy (Table 5), which employs a coordinated
series of assisted reproductive technologies for introducing new genetic lineages into PRCT
populations, thus maintaining, if not increasing, current levels of genetic diversity. The original
PRCT founders were collected mostly from a northern population site that is now believed to be
extirpated, as well as a few from the southern population. For this study, males were collected
from a recently discovered southern group that is not planned for population augmentation and,
according to preliminary genetic analysis, has significant genetic variability from the
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neighboring southern source population (D. Williams, unpublished data). Furthermore, past and
current reintroductions of captive-bred PRCTs occur over six geographically separate locales
across Puerto Rico, negating the possibility of genetic integration between this newly discovered
‘source group’ and other established populations (D. Barber, personal communication, 2021).
The genetic variation between the recently discovered southern population (where our males
were collected from) and its neighbor, along with the lack of additional individuals integrated
from release efforts or dispersal, indicates that the wild males used in this study serve as a
potential unrepresented founder base in the captive collection of PRCTs, possibly expanding the
current gene pool of the captive and subsequent reintroduced populations following release. We
recognize that genetic analysis of the populations is needed to confirm this supposition; however,
it is highly likely given the time since last importation from this site in 2014, absence of
augmentation from the captive population, low dispersal between isolated populations, and
underrepresentation in the captive collection. Therefore, it is quite probable that through the
application of biobanking and IVF (third strategy, Table 5), we increased the gene variation of
captive populations by adding eight new founders to the current genetic structure. Although the
importance is not that new founders were secured for the population, but that the methods
themselves could revolutionize the management of rare amphibians.
According to the current ratio of effective populations size to breeding census size
(Ne/N=0.09), there is a high level of inconsistency present in the overall breeding success among
adult individuals. Moreover, a majority of adults do not contribute the genetic material that is
expected by current population sizes to the next generation, producing a skew of founder
representation in offspring (Sanchez-Montes et al., 2017), as seen in the founder genome
equivalent (FGE; Table 5). There are 48 founders in the captive population that could
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conceivably contribute to genetic variation, yet the FGE shows that only 16.5 are actively
contributing to the population’s diversity (Table 5). While the current mean inbreeding (0.027)
and kinship (0.03) values of the PRCT captive population are low, this unequal representation in
founder stock can lead to an increase in both rates, creating an unsustainable population level. If
we rely on the first strategy (Table 5) to maintain genetic variation and reduce the levels of
relatedness and inbreeding, up to 10 new founders will need to be added every four years.
However, in our application of the third strategy, sperm collected from 8 males generated 4
genetically unique cohorts and 46 new individuals. Furthermore, one reproductively viable male
adult was produced from cryopreserved sperm utilizing a captive female that was at risk due to a
condition called brown skin disease (Crawshaw et al., 2014), highlighting this technology for
recovering gene diversity that is about to be lost from an animal that is no longer able to breed
naturally due to disease. As of June 2021, this first-generation adult male produced 5,095
offspring through a hormone-induced natural breeding event. Of these offspring, 5,085 were
released back into the wild and 10 were kept to augment the captive population (D. Barber,
personal communication, 2021). Through this most recent breeding event, the genetic lineage of
the deceased female has been preserved and will continue to be passed on to generations in both
captive and reintroduced groups. Even though not all individuals produced through this study
survived to adult hood, 2.5-12 times more offspring were produced and introduced into the
captive population in a quarter of the time. Thus, linkage of in-situ and ex-situ populations
through the use ART has introduced more genetic variation to the captive population, which can
subsequently be used in future efforts to bolster the gene diversity within the wild population.
Non-invasive methods of sperm collection from live animals are becoming more
common for conservation management of non-reproducing threatened amphibians (Julien et al.,
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2019; Langhorne et al., 2021), although sperm from testes macerates would still be useful for
sick or deceased individuals (Upton et al., 2018). The main drawback of collecting sperm from
live animals is that sperm are metabolically activated when released to the environment (Kouba
et. al. 2003), resulting in a short lifespan along with needing to be immediately cooled to
temperatures near 4°C (Kouba & Vance 2009; Arregui et al., 2021; Langhorne et al., 2021). In
addition, during the cryopreservation process sperm become deactivated from the high
osmolality of the cryoprotective agents and after thawing become reactivated by dilution to a low
osmotic environment for IVF. These shifts in sperm activation lead to a loss in sperm motility,
especially forward progression, at each step of the freezing-thawing process. Such extreme shifts
in sperm activation are not experienced by sperm from testes macerates, in which sperm remain
immotile in the physiological osmolality of the testes (280 mOsm), the freezing medium, and up
until the time of fertilization (Kouba et al., 2003). Here, sperm cryopreservation from live
individuals was highly successful, achieving 33% recovered sperm motility post-thaw, high
fertilization capacity, and the development of metamorphs and adult offspring, even after the
extreme fluctuations in osmolality and the freezing process. Two other studies from our lab have
shown that post-thaw sperm motility can be achieved following cryopreservation in wild male
Boreal toads (Anaxyrus boreas boreas) (Langhorne et al., 2016) and male Chiricahua leopard
frogs (Lithobates chiricahuensis) (unpublished data), which was then used to successfully
fertilize eggs from captive females to produce adult animals and tadpoles, respectively. Hence,
the current study contributes to the growing number of species demonstrating that linking ex-situ
and in-situ populations is feasible and cold be integrated, enabling larger genetic management
plans for these two populations.
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The minor limitations of this study are the small sample size of wild males we located,
number of straws we thawed vs. held back for management purposes, and number of females
used for IVF. When working with wild animals, the number of individuals that can be collected
depends on being able to locate, capture, and properly house the animals for the short duration
needed for sperm collection. Moreover, the number of straws that can be frozen depends on if the
male produces spermic urine in a usable volume of sufficient concentration. Given the
importance of these wild genetics to the future population structure, a limited number of straws
could be thawed for IVF without impacting the reserve holdings. Importantly, since increasing
genetic variability among the PRCT populations was the primary purpose of this study, specific
individuals must be matched up based on the population studbook and pedigree. If a female
already has a high mean kinship value, another female with a lower value will be selected for
breeding. By introducing new wild male genes into the captive population, the level of
relatedness will decrease, and additional females can be used in reproductive efforts. As more
females are used, the number of offspring produced increases, resulting in more individuals that
can be introduced to the wild or held to bolster captive populations. As these studies progress
and gametes from more wild individuals are collected, the genetic variation and stability of
PRCT populations can increase exponentially.
Here, we show how ART for amphibians can be used to link in-situ and ex-situ
populations of endangered species, especially where “at risk” captive populations exist and longterm sustainability is a challenge without the emigration of wild individuals. Just as hormone
administration has been shown to be species- or genera-specific (Kouba et al., 2009; Silla et al.,
2012), the protocols described here for cryopreservation and IVFs may be species-specific as
well, indicating the importance of expanding this applied work to other threatened and
89

endangered species. Furthermore, solidifying a cryopreservation protocol that optimizes postthaw sperm motility and IVF success produces not only an increase in offspring numbers, but
also introduces new genetics that can then be held in captive colonies or released to the wild.
However, as mentioned earlier, there are numerous challenges that come with cryopreservation
in the field. These include shipping supplies, sometimes internationally, that are fragile;
obtaining LN2 in remote locations to use for the cryopreservation process; organizing experts and
volunteers to locate and capture animals; and acquiring all necessary permits and permissions for
working with threatened species, to name a few. Overcoming these challenges and expanding
this work to other species would help strengthen the overall body of knowledge of sperm
cryopreservation, creating a more holistic approach to amphibian conservation management.
Captive assurance colonies play an integral part in the conservation and management of
threatened and endangered amphibian species. Maintaining a high level of gene diversity in these
colonies is imperative to the recovery of wild populations, which are experiencing drastic
declines in population numbers. Cryopreservation and biobanking of male gametes to link in-situ
and ex-situ groups of threatened and endangered species has been a recommended conservation
strategy for decades, yet never successfully implemented in amphibians. In this study, we
explored the feasibility of linking in-situ and ex-situ PRCT populations by transporting sperm
from the wild into captive colonies for managed genetic crossings using IVF. We show that the
use of exogenous hormone treatment is a viable and non-lethal way to collect sperm from
individuals; sperm can be cryopreserved, transported, and recovered for coordinated IVF
breeding efforts to produce viable second-generation offspring; and metamorphosed toadlets
originating from frozen-thawed sperm can be incorporated into both captive and wild
populations, potentially increasing the overall genetic variation. As amphibian populations
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decline, developing new conservation strategies and linking in-situ and ex-situ populations will
continue to grow in importance for conservation and genetic management of captive and wild
populations.
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Table 5

Genetic summary table of Puerto Rican crested toad captive population in 2018

Puerto Rican Crested Toad
Population Genetic Summary
Founders

CY 2018
Values

Strategies for maintaining current levels of genetic diversity

48

Founder genome equivalents
(FGE)

16.54

Gene diversity (GD %)

96.98

Population mean kinship (MK)

0.0302

Mean inbreeding (F)

0.0270

Effective population size (Ne / N)

0.0857

Percentage of known pedigree

95.8

Years to 90% Gene Diversity

144

Years to 10% Loss of Gene
Diversity

174

Gene Diversity at 100 Years

94.5

Gene Diversity at 10 Generations

94.9

Data shown is for calendar year (CY) 2018. Data taken from the Puerto Rican Crested Toad (Peltophryne lemur) AZA Species
Survival Plan Green Program, 2018
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Table 6
CPA

10%
DMFA

10%
DMSO

Puerto Rican crested toad motility and sperm banking summary
ID#

Studbook#

1
FWZ#210690
2
FWZ#210693
3
FWZ#210687
4
FWZ#210689
5
FWZ#210686
6
FWZ#210691
7
FWZ#210688
8
FWZ#210685
Total
1
FWZ#210690
2
FWZ#210693
3
FWZ#210687
6
FWZ#210691
5
FWZ#210686
7
FWZ#210688
Total

Avg pooled pre-freeze
motility (%) a

# of straws
banked

# of straws
thawed

Avg straw post-thaw
motility (%)

Avg relative postthaw motility (%)

85  5
80  0
70
65
65
63  8
62  24
25
67  5
80
80
70
70
65
62  14
71  5

19
7
5
10
5
12
5
5
68
4
2
5
4
4
6
25

5
1
0
3
1
5
2
0
18
4
2
0
1
0
2
9

30  4
27  0
NA
20  3
60
25  8
26  3
NA
28  3
35  4
29  1
NA
40
NA
14  2
25  5
p=0.59

35  5
34  0
NA
31  4
92  0
40  13
42  4
NA
37  4
39  4
36  1
NA
60
NA
23  3
37  8
p=0.24

d=0.75

d=1.00

p-value
Cohen’s
d

Motility and cryobanking summary separated by cryoprotectant and individual toad (studbook #). Data is shown as mean (SE). Pvalue shows significance between cryoprotectants in a column
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Table 7

Puerto Rican crested toad embryo development rates

Sperm

No. males

No. females

Eggs

Cleaved (%)

Neurula (%)

Hatched (%)

Metamorph (%)

Frozen

5

2

6,981

306 (4)

150 (49)

55 (18)

46 (15)

Fresh

3

2

2,691

525 (20)

400 (76)

215 (41)

140 (27)

p-value

p=0.44

p=0.70

p=0.82

p=0.94

Cohen’s
d

d=0.63

d=0.24

d=0.22

d=0.09

Fertilization, embryo, larvae, and metamorph development results following IVF with either fresh or frozen-thawed Puerto Rican
crested toad sperm. Cleavage development rate is shown as the percentage of eggs fertilized. Neurula, hatched, and metamorph
development rates shown as percentage of cleaved embryos.
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Figure 10

Puerto Rican crested toad in a karst formation

Karst, or rock, formations are where Puerto Rican crested toads are found in the wild. Toads
were either collected from the top of rocks or encouraged out by simulating rainfall with misters.
Picture taken by Carlos Pacheco.
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Figure 11

Puerto Rican crested toad ultrasound grading scale

Representative ultrasound images of grades 1-3 of Puerto Rican crested toads. Fluid (or egg
jelly) is indicated by hypoechoic areas and eggs by hyperechoic (white) areas. (A) Low levels of
hypoechoic area shows that this female has minimal egg development; (B) mid-levels of
hypoechoic area shows that this female has moderate egg development and could be
administered a priming hormone dose prior to an ovulatory dose and IVF; (C) high levels of
hypoechoic area shows that this female has fully developed eggs and can be administered an
ovulatory dose for an IVF.
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Figure 12

Puerto Rican crested toad total motility by collection time point, individual, and
cryoprotectant

(A) Average sperm forward progressive motility (FPM) and non-progressive motility (NPM) for
male Puerto Rican crested toads (n=9) at different collection time periods following hormone
administration. Data are shown as mean ± 95% CI with the number of individuals at each
collection point indicated; variation in sample size per time point reflects missing urine
collections. Different lowercase letters indicate significance of total motility between time
points; (B) average pre-freeze and post-thaw motility for sperm frozen using either 10%DMFA
or 10%DMSO as a cryoprotective agent (CPA); (C) total sperm motility for individual Puerto
Rican crested toads before cryopreservation and after thawing. Due to no difference between
CPA treatments, straws are averaged from both treatments for individual males. Straws from
Toad 3 and 8 have not been thawed due to low sample numbers and remain in the Biobank for
long-term genetic management. Data are shown as mean ± 95% CI.
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APPENDIX A
THE EFFECT OF CRYOPROTECTANT AND FREEZING RATE ON FOWLER’S TOAD
TADPOLE DEVELOPMENT
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Introduction
Being able to produce offspring using cryopreserved sperm is imperative for amphibian
conservation, especially as we shift towards transporting gametes instead of individuals from the
wild to captivity (Burger et al., 2021). Chapter 1 shows that in Fowler’s toads, the best protocol
for recovering sperm motility and the best protocol for fertilization success and development to
hatching are the same. It is also important to continue tracking the development success of
tadpoles past hatching, so far so as to the determine the reproductive viability of the
cryoproduced toads themselves (Lampert, unpublished). While we were not able to determine the
reproductive viability of the Fowler’s tadpoles created in the IVFs conducted for Chapter 1, we
were able to monitor their development up until metamorphosis to determine how the various
CPAs and freezing rates affected their development rate and overall growth.
Methods and materials
Animals
Tadpoles created from the IVFs using cryopreserved Fowler’s toad sperm in Chapter 1
were separated by CPA and freezing rate treatment. Tadpole care was conducted as described in
Chapter 1.
Development rate and tadpole size
Tadpoles were monitored daily for development to Gosner stages 25 (mouthparts open),
31 (hindlimbs as paddles), 37 (hindlimbs as toes), 42 (forelimbs), and 46 (full metamorphosis) to
determine if the CPA and freezing rate applied to the sperm had any effect on the number of
tadpoles that advanced from one stage to the next (Gosner, 1960; Figure 13). Out of the 11
females administered hormone, 6 laid enough eggs for application of all treatments, and out of
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these 6 females, tadpoles from 3 were used for this study. The other three females had tadpoles
that were either released prematurely or died due to machine error. Tadpoles were measured
every other day to determine their average size at each development stage (Figure 14).
Statistical analysis
Because of high levels of variation in sample size, the percentage of individuals that
developed from one stage to the next was analyzed to determine the effect of CPA and freezing
rate on development, as opposed to the raw numbers themselves. Percentage of individuals that
developed from stage 20 (hatch) to 25, 25 to 31, 31 to 37, 37 to 42, and 42 to 46 were analyzed
using Scheirer-Ray-Hare tests with the cryoprotectant and freezing rate as explanatory factors in
the model and the development rate as the response. Size differences of the tadpoles at each
stage were also measured using Scheirer-Ray-Hare tests with the cryoprotectant and freezing rate
as explanatory factors in the model and tadpole size as the response. We assessed conformity to
model assumptions using a Shapiro-Wilk Test, visual inspection of residual plots, and a Levene
Test for Homogeneity in Variance. Statistical significance was set at 0.05, and all data was
analyzed in RStudio with R version 4.0.2.
Results
There were no significant differences between the effect of CPAs or freezing rate (FR) on
the development rate of mouthparts (CPA: p=0.87; FR: p=0.37), hindlimbs as paddles (CPA:
p=0.93; FR: p=0.09), hindlimbs with toes (CPA: p=0.41; FR: p=0.26), forelimbs (CPA: p=0.94;
FR: p=1), or metamorphosis (CPA: p=0.37; FR: p=0.32) (Figure 16). There were also no
significance differences between CPAs or FR on tadpole sizes in the mouthpart (CPA: p=0.60;
FR: p=0.53), hindlimb as paddles (CPA: p=0.80; FR: p=0.12), hindlimb with toes (CPA: p=0.95;
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FR: p=0.18), forelimb (CPA: p=0.93; FR: p=0.16) or metamorph stages (CPA: p=0.93; FR:
p=0.16) (Figure 15).
Discussion
This study did not find any significant differences between CPA and freezing treatments
on various development rates and tadpole sizes. However, there were some uncontrolled levels
of variation present that may have had an effect on the results. For example, we did not control
for density in the containers that housed the tadpoles, meaning that the total number of
individuals kept in the same tank could have affected the growth rate of each individual tadpole.
Furthermore, we had a very small sample size for this study, so reevaluating these measurements
with a more robust sample size could further explore these results and provide an indication of
how various protocols used on sperm cryopreservation may affect embryo, tadpole, and toadlet
development, as well as reproductive viability once the individuals reach sexual maturity.
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Figure A.1

Tadpole Gosner stages

The five Gosner stages that were measured during this study. Picture taken from Gosner, 1960.
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Figure A.2

Measuring Fowler’s toad tadpole growth

Individual tadpoles were removed from their tank and placed in a smaller container. This
container was then placed onto a measurement grid (cm) so the size of the tadpole could be
determined. Tadpoles were measured every other day until metamorphosis.
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cm

Figure A.3

Fowler’s toad tadpole sizes as a factor of cryoprotectant and freezing rate

Sizes of tadpoles during each development stage separated by cryoprotectant and freezing rate.
Data is shown as mean  SEM.
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Figure A.4

Fowler’s toad tadpole development rate as a factor of cryoprotectant and freezing
rate

Development rate of tadpoles during each stage separated by cryoprotectant and freezing rate.
Data is shown as mean  SEM
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APPENDIX B
EFFECTS OF PH AND WATER TYPE ON EMBRYO DEVELOPMENT OF THE
ENDANGERED PUERTO RICAN CRESTED TOAD
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Methods and Materials
Animals
We received permission from Fort Worth Zoo to conduct gamete collections and in-vitro
fertilization on Puerto Rican crested toads (PRCT; Peltophryne lemur, n=9). All procedures were
covered under the Fort Worth Zoo IACUC #17-H001.
In-vitro Fertilization
Ultrasonography was applied to all female Puerto Rican crested toads to determine
follicular maturation levels prior to hormone administration (see Chapter 4, Figure 11). Females
were given an ultrasound grade (0-3), and two females with a grade 3 were selected for IVF.
Three males from the captive colony were selected to fertilize the eggs from one female, and two
of the three were selected to fertilize the second female. Female and male selection were made
by the Director of Ectotherms at the Fort Worth Zoo based on genetic pairings. Females were
administered an ovulatory dose of 20 ug GnRHa IP, and males were administered a spermiation
dose of 4 IU hCG/g BW IP ten hours later. Sperm was collected from males 2, 3, 4, 5, and 6
hours post-hormone administration. Females started laying approximately 12 hours posthormone administration, and the eggs were collected and separated evenly into dishes. Collected
sperm was immediately pipetted over eggs in 100 µL intervals until complete coverage. After 5
minutes of dry fertilization, the petri dishes were flooded with one of three water treatments: 1)
natural breeding water (control), 2) pond water, or 3) phosphate buffered saline (PBS) solution
and set aside. Embryos were monitored under a dissecting microscope for Gosner stages 3
(cleavage), 13 (neurula), and 20 (hatched) to determine the effects of the water treatment on
embryo development (Gosner, 1960).
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The three water treatments were chosen based on what would most likely be available to
zoo staff during animal breeding periods. The control for this study (the natural breeding water)
is reconstituted reverse osmosis (R-R/O) water that is currently used for all breeding events held
at the zoo (D. Barber, personal communication, 2021). The pond water was collected from a
water source located on the zoo property, and the phosphate buffered saline solution was
provided by the Mississippi State University team but could be made available to zoo staff.
The pH of each water treatment was also measured to determine if it had any effect on
the embryo development. pH was measured at initial collection (just the water), four to five
hours after flooding the dishes with eggs (day 1), and first thing the following morning (day2).
Statistical Analysis
Cleavage, neurula, and hatched rates were analyzed using Kruskal-Wallis tests followed
by the Pairwise Wilcoxon Rank Sum Tests for multiple pairwise comparisons. One-sample
Wilcoxon Signed Rank tests were used to analyze the differences between the stock water
solutions and day 1, and Paired Samples Wilcoxon tests were used to analyze any differences
between the pH of the control, pond water, and PBS between day 1 and day 2. We assessed
conformity to model assumptions using a Shapiro-Wilk Test, visual inspection of residual plots,
and Levene Test for Homogeneity in Variance. Statistical significance was set at 0.05, and all
data was analyzed in RStudio with R version 4.0.2.
Results
All individuals responded to the ovulatory and spermiation hormone treatments. The
average weight of males was 39  3 grams. Total sperm motility ranged from 20-100% and
averaged at 51  31%, 80  5%, and 97  1% for each male. Concentration ranged from 0.6-19.2
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x 106 and averaged at 0.9 x 106, 6.2  3.4 x 106, 8.8  2.7 x 106 sperm/mL for the three males.
Figure 17 shows the average motilities and concentration of the males during the collection
period.
There was no effect of the treatment on the number of eggs that cleaved (df=2, KruskalWallis x2=24.85, p=0.23). When checked for neurulation, we realized that none of the embryos
that were flooded with PBS developed past cleavage, so they were excluded from the rest of the
analysis. There was no significant difference between neurulation rates of the control water and
pond water (df=2, x2=24.9, p=0.13), but there was a difference in hatching rates between the two
waters (df=2, x2=25.9, p=0.03), with the control water having higher levels of hatching than the
pond water. Table 8 shows the average rate of embryo development by treatment.
The pH values for the stock solutions of the breeding water, pond water, and PBS were
7.3, 8.8, and 7.3, respectively. Five hours after flooding the dishes, the pH of the waters dropped
significantly to 6.90.02 for the breeding water (p<0.01), 8.50.04 for the pond water (p<0.01),
and 7.20.0 (p<0.01) for the PBS. By day 2, the dishes had stabilized at 7.20.04, 8.50.01, and
7.20.01, respectively (Figure 18). There was a significant difference between day 1 and day 2
for the breeding water (p=0.004), but not the pond water (p=0.07) or PBS (p=0.4).
Discussion
This study shows that out of the three water treatments tested, the natural breeding water
had the highest level of success, producing a total of 1,534 hatched individuals. Pond water also
had a high level of success, producing 1,375 offspring. However, unlike these two treatments,
the PBS solution did not produce any embryo development past the cleavage stage. Upon
inspection, the embryos appeared to have been arrested in the early development stages. Because
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the pH of the PBS was most similar to the control, which had great levels of success, we
concluded that the pH was not the problem in the lack of development but perhaps the saline
nature of the water. Based on these results, we conclude that zoos and other institutions
conducting amphibian breeding events should continue using the R/R-O natural breeding water.
The relationship between the pH and variation in embryo development success is still
unclear. While the pH of the natural breeding water and the pond water were vastly different at
day 0, 1, and 2, they both had very high levels of success, only varying significantly in the rate of
individuals that hatched. On the other hand, the control and PBS solution had similar pH yet
varied significantly in how many individuals reached the neurula and hatching stages. However,
as mentioned above, this variation could also be due to the salinity of the PBS solution. Future
studies could increase the frequency of pH measurements taken throughout the development
process to solidify the relationship between these two factors. Furthermore, other studies could
analyze the effects of different waters and pH values on tadpole growth post-hatching, an
important measurement due to the fact that tadpoles are fully aquatic until metamorphosis.
Measuring these parameters will provide a better idea of how various external factors affect
offspring development and how our manipulation of these factors further affects growth, which
are crucial details when working with critically endangered species.
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Table B.1

Puerto Rican crested toad IVF embryo development
Treatment
Breeding water (control)
Pond water
Phosphate buffered saline solution

Average Rate of Embryo Development
Cleavage (%) Neurula (%) Hatch (%)
917a
990.5a
971a
a
a
952
951
932b
0b
0c
942a

Embryo development separated by water treatment. Data is shown as mean  SEM. Letters
represent significance between values in a column.
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Figure B.1

Puerto Rican crested toad fresh sperm parameters

Total motility and concentration of the three Puerto Rican crested toad males used to fertilize
eggs in IVFs separated by collection time points. Data is shown as mean  SEM.
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Figure B.2

pH levels during Puerto Rican crested toad embryo development

Variation in pH between the water stock treatments (day 0), five hours after being with eggs (day
1), and the morning after flooding the dishes (day 2). Data is shown as mean  SEM.
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APPENDIX C
HOUSTON TOAD MALE RESPONSE TO VARIOUS HORMONE ROUTES AND
DOSAGES
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Figure C.1

Houston toad motility and concentration by hormone dose

The effect of the three hormone dosages 10 ug gonadotropin hormone releasing hormone analog
(GnRHa) administered nasally, 10 ug GnRHa administered intraperitoneally (IP), and 4 IU/g
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body weight (BW) human chorionic gonadotropin (hCG) on Houston toad (A) forward
progressive motility, (B) total motility, and (C) concentration. Data is shown as mean  SEM.
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